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Executive Summary 
Effective treatment of municipal wastewater is becoming increasingly important to 
good water governance. It is vital that every operation in the wastewater treatment 
process be optimised to achieve maximum efficiency and sustainability. One such 
operation is anaerobic digestion, in which microbes act in the absence of oxygen to 
turn sludge into odour free bio-solids and methane-rich biogas, from which energy 
can be recovered. Tenney & Budzin (1972) argued that around 50% of the geometric 
volume of an anaerobic digester is stagnant and thus oversizing is a necessity. It is 
the contention of this project that an increase in capital cost of such magnitude is 
unnecessary and can be avoided if the all parameters including mixing requirements 
are carefully considered. Mixing is important to the digestion process as it provides 
the necessary contact between the feed sludge and the active biomass, which in turn 
gives uniform temperature and substrate concentration throughout the digester. In 
the interest of sustainability, there is a push in the wastewater industry to move to 
more concentrated feed stocks to conserve water. While an increase in solids 
concentration provides a richer feed stock for digestion, it also presents a challenge 
regarding the hydrodynamics of mixing in anaerobic digesters. 
There are three mixing techniques usually employed for anaerobic digesters, 
mechanical mixing, gas sparging and liquid jet recirculation mixing. This project 
focuses on the latter, which involves pumping sludge out of the digester, passing it 
through a heat exchanger and returning it to the digester through a nozzle 
submerged in the liquid body of the digester. As sludge is an opaque fluid and 
therefore difficult to study on a lab-scale, this work employed a model digester using 
xanthan gum Keltrol T (XGKT) solution, which has been shown to mimic sludge 
across the range of shear rates found in anaerobic digesters. 
A flow visualisation technique was employed to study the effect of a number of 
factors on the creation of active volume over time. In the tank with a 1:1 aspect ratio, 
three distinct mixing regimes were identified using a downward-facing nozzle placed 
at half the liquid height, each associated with different hydrodynamics at play. The 
effects of jet velocity and fluid rheology were investigated, and it was found that fluid 
rheology has a much greater impact on mixing performance than jet velocity. 
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Increased jet velocity was even shown to have a detrimental effect on mixing 
performance over the observed timescale.  
Through first-principles analysis of advection-diffusion, solutions were developed to 
describe the expansion of active volume in terms of advection-diffusion in bounded 
and unbounded domains. It was found that the solution for the unbounded domain 
can be fit to the creation of active volume in the early stages of mixing and the 
solution for the bounded domain can be fit to later stages of active volume creation. 
However, the majority of active volume creation occurs in transition between the two 
solutions.   
To understand why the majority of active volume creation occurred between the two 
ideal advection-diffusion equations, a state-of-the-art electrical resistance 
tomography (ERT) technique was employed to fully investigate the 3D mixing 
environment. It was found that the creation of active volume begins to deviate from 
the unbounded advection-diffusion curve as the suction flow field begins to interact 
with the jet flow field and ‘short-circuiting’ occurs. This short-circuiting effect 
becomes more pronounced in fluids with more complex rheology such that steady-
state cavern formation occurs in fluids with a yield stress. This has not been 
observed in jet recirculation mixing before. 
To overcome the steady-state carven formation in rheologically complex fluids, a 
simple nozzle inversion was employed such that the nozzle is pointing upwards 
towards the flexible surface. In all cases, an upward-facing nozzle performed better 
than a downward-facing nozzle because a surface velocity induced by the jet aided 
in the mixing process, which was not found when the jet was pumping against the 
rigid floor of the tank. Furthermore, rather than generating a short-circuiting effect 
that results from having two competing flow fields, an upward-facing ‘jet’ nozzle and 
a downward-facing ‘suction’ nozzle lead to two complimentary flow fields that greatly 
enhances the mixing performance. 
Based on the interaction between jet and suction flow fields, a design equation was 
formulated for jet mixing based on the separation of the jet and suction nozzles. The 
equation was based on the observed trend that mixing time decreases with 
increased separation of the two nozzles up to a certain point. Beyond this point, the 
further separation of nozzles has no effect on mixing time. This has beneficial 
 3 
 
implications in designing jet recirculation systems with multiple inlet and outlets, 
although, further tests need to be conducted with different configurations on the pilot 
and industrial scales to verify this.   
 
  
 4 
 
  Chapter 1 Introduction  
 2 
 
1 Introduction 
1.1 Project Rationale   
 
Effective treatment of municipal wastewater is becoming increasingly important to 
good water governance. Population density in urban centres in both developed and 
developing countries is rising consistently each year. With increasing population 
density comes increasing pressure on water authorities to find innovative solutions in 
wastewater treatment. As sludge disposal currently accounts for up to 50% of the 
operating costs of a wastewater treatment plant (WWTP), one such innovative 
solution that is widely used throughout the world is anaerobic digestion (Appels et 
al., 2008). Anaerobic digestion is a favourable solution as it recovers energy from 
waste products, which is a key sustainability issue for a modern society. 
Anaerobic digestion is a biological process in which microbes act in the absence of 
oxygen to convert wastewater sludge into methane-rich biogas and odour-free 
biosolids. The biogas produced via this process has a general composition of around 
48-65% methane (Rasi et al., 2007) and if produced in sufficient quantities, the 
energy recovered from the biogas is enough to produce an amount of energy surplus 
to the needs of the treatment plant and can be thus sold to the grid. In addition to 
this, Environmental Protection Agency (EPA) Victoria, Australia, has advised that, 
over the 2013-18 period, WWTP’s implement programs to reuse 100% of biosolids 
produced. 
As with any unit operation, it is essential to operate an anaerobic digester at 
maximum efficiency in order to ensure optimal biogas generation. There are several 
parameters to consider in the design and operation of anaerobic digesters to ensure 
the best outcome, they include vessel geometry, temperature, pH range, hydraulic 
retention time, and importantly, as the focus of this study, mixing throughout the 
digester. Tenney & Budzin (1972) argued that around 50% of the geometric volume 
of an anaerobic digester is stagnant and thus oversizing is a necessity. It is the 
contention of this project that an increase in capital cost of such magnitude is 
unnecessary and can be avoided if the all parameters including mixing requirements 
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are carefully considered. Mixing is important to the digestion process as it provides 
necessary contact between the feed sludge and the active biomass, which in turn 
leads to uniform temperature and substrate concentration throughout the digester; it 
can also lead to uniformity of a range of other biological and chemical aspects as 
well as preventing surface scum layers and solids settling (Hilkiah Igoni et al., 2008). 
It has been suggested, however, that a balance needs to be found as excessive 
mixing can be detrimental to the contact between substrate and microbe, and can 
lead to decreased biogas production (Ward et al., 2008). Solid settling is of particular 
concern as this can result in a thick unmixable layer that leads to a decrease in 
active volume over time, and necessitates manual cleaning periodically. In the 
interest of sustainability, there is a push in the wastewater industry to move to more 
concentrated feed stocks to conserve water. While an increase in solids 
concentration provides a richer feedstock for digestion, it also presents a challenge 
to conventional knowledge regarding the hydrodynamics of mixing in anaerobic 
digesters. An increased solids concentration results in an increased deviation from 
Newtonian behaviour (Eshtiaghi et al., 2012), and thus it is important to consider the 
rheology of the feedstock when designing mixing systems.  
The anaerobic digestion process does provide some of its own mixing in the form of 
freshly generated methane bubbles rising to the surface, although this is not enough 
to provide effective mixing across the reactor. Three techniques that can be found in 
industry for mixing are mechanical mixing, gas sparging, and sludge recirculation 
using submerged jets (Qasim, 1999.). While previous studies have investigated the 
comparative effectiveness of the three mixing techniques (Dawson, 2000, Karim et 
al., 2005), this project is predominately focused on sludge recirculation, which is also 
known as hydraulic mixing. This involves pumping sludge out of the digester, 
passing it through a heat exchanger and returning it to the digester through a nozzle 
submerged in the liquid body of the digester.  
This project recognises that the hydrodynamics within the digester occur in two 
distinguishable regions. One of them is called the ‘inactive-volume’ where the fluid 
elements remain relatively stationary and contribute little to the chemical conversions 
that occur within the reactor, and the other, the ‘active volume,’ where the fluid 
elements are mobile and directly influence this conversion process. Conversion of 
inactive volume to active volume is known to be affected by the power input of the 
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recirculation, the fluid rheology, and nozzle geometry (Low, 2013b). Hitherto studies 
have not been sufficiently in-depth enough to provide both a qualitative and 
quantitative analysis of the destruction of inactive volume to understand the physics 
involved and offer only empirical models for the mixing occurring over time. This 
study aims to do that for downward-facing jets, which offer the operational 
convenience of a lack of a turbulent surface that is seen in upward-facing and 
tangential jets.   
Studying water, Rajaratnam (1976) was able to develop similarity laws governing the 
phenomena occurring in turbulent mixing of Newtonian fluids by liquid jets. Much 
work has been done in this field since then. However, it has limited applicability to 
WWTP’s as sludge is said to behave as a Herschel-Bulkely fluid and in the interest 
of promoting good microbial activity, needs to be mixed in a laminar fashion. 
Shekarriz et al. (1995) studied turbulent jet mixing of Carbopol, a pseudoplastic fluid, 
using particle image velocimetery. They found that the mean velocity of the jet flow 
field decreased in a pseudoplastic fluid much faster than in a Newtonian fluid.  
Industrial operators rely on what some call the “black box” principle to asses mixing 
performance in anaerobic digestion (Karaeva and Khalitova, 2015), so called 
because it focuses on the response of the system as a whole to changing conditions, 
giving a little insight into the internal phenomena taking place. These techniques 
largely involve hydraulic residence time distribution of a given tracer. Melbourne 
Water calculates the active volume in a digester using a lithium tracer coupled with a 
method adapted from Metcalf & Eddy (2003): Ln(c/c0) = -S/V, where c0 is the initial 
concentration of lithium, c is the concentration of lithium at time t found in a 
withdrawn sample of sludge of volume S and V is equal to the active volume of the 
digester. The problems with the method should be self-evident, as it assumes near 
perfect mixing, which is contrary to the reality of operations consisting of less than 
optimal biogas generation and settling. There is a range of other methods found in 
the industry similar to this, but by omitting the physics from the analysis, it is difficult 
to make any logical assessment of the role that various factors play in the mixing 
process. 
Sludge itself is an opaque material, and thus it is hard to visually observe its mixing 
behaviour on a lab scale. Many techniques have been used in the past to study 
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sludge mixing including chemical tracers (Monteith, 1981) and computer automated 
radioactive particle tracking (CARPT) (Karim, 2007) and electrical resistance 
tomography (ERT) (Low, 2013c), however, these techniques are costly and need to 
be verified against other techniques. The first experimental component of this project 
employs the use of a clear simulant fluid coupled with flow visualisation, an 
economical technique for studying the spread of active volume in non-Newtonian 
fluids that has been widely used to study in mixing in the process industry (Lamberto, 
1996, Makino, 2001, Yek et al., 2009). It is hoped in doing so, that models describing 
the mixing behaviour of sludge over time can be developed as applied to an 
industrial setting. While a simulant fluid offers a good indication of how active volume 
is created in sludge recirculation mixing, any findings will be inherently limited to 
applications using real sludge. The simulant fluids used throughout this study are 
homogenous thus do not display the solid-settling behaviour of real sludge. 
However, solid settling is a kinetic process, and as such is often masked by transport 
phenomena and hydrodynamics (Donati and Paludetto, 1997). Therefore, if 
hydrodynamics can be optimised for a viscous fluid, settling can be avoided. 
Studying the mixing phenomena of real sludge on lab scale is still of interest despite 
its difficulty,  that is why this project also seeks to further the work of Low et al. 
(2013c), to develop a robust methodology for studying mixing in clear simulant fluids 
using electrical resistance tomography to pave the way for the study of real opaque 
sludge. 
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1.2. Objectives and research questions 
In summary, the objectives of this project are: 
• Investigate the mixing patterns of a sludge simulant using a flow visualisation 
technique in a model anaerobic digester with a jet recirculation mixing 
technique. 
• Develop models that describe the creation of active volume in a model 
digester over time. 
• Develop a comprehensive methodology for ERT, to pave the way for the 
study of real opaque sludge. 
 This, in turn, poses the following research questions: 
• How do nozzle velocity and fluid rheology affect mixing performance in a 
model digester? 
• What is the underlying physics at play? 
• Can reliable data be achieved for a simulant fluid using ERT? 
• With this knowledge, how can mixing performance be improved? 
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1.3 Structure of the thesis 
Chapter 2: Literature review 
This chapter explores the history of anaerobic digesters and the methods that have 
been used to study their mixing performance. It also discusses the problems typically 
encountered in the operation of anaerobic digesters along with an in-depth study of 
jet mixing design literature.  
Chapter 3: A Flow visualisation study of mixing performance 
This chapter discusses a flow visualisation technique used to study the roles of fluid 
rheology and jet velocity play in mixing performance. It discovers three distinct 
mixing regimes and fits advection-diffusion models to two of the regimes.   
Chapter 4: An electrical resistance tomography study of mixing performance 
This chapter employs ERT to achieve a greater understanding of the physical 
phenomena at play in regime 2. In this chapter, a robust state-of-the-art methodology 
for studying the spread of active region is developed. It reveals the role that suction 
plays in jet recirculation mixing, and how short-circuiting can lead to cavern formation 
in yield stress fluids.  
Chapter 5: Accelerating the spread of active mixing region 
This chapter employs a simple nozzle inversion to greatly improve mixing 
performance. This is attributed to two factors, the role of suction and the role of a 
flexible surface, and the role of both is optimised. 
Chapter 6: An evaluation of the role of suction 
This chapter seeks to develop a correlation in order to contribute to the jet-mixing 
community an empirical relationship to determine mixing time that takes into account 
the distance between the zones of influence of the jet and suction flow fields. 
Chapter 7: Conclusions and recommendations 
This chapter summarises the major findings of the thesis and makes 
recommendations for industrial operations, practitioners of CFD, and knowledge 
gaps and further study opportunities in this field.  
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Chapter 2  Literature Review 
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2 Literature Review  
2.1 Wastewater treatment 
The effective disposal and treatment of wastewater is an essential element to the 
industrial age and the modern city. The industrial revolution saw an unprecedented 
migration towards urban centres that were forced to find ways to meet the sanitation 
needs of their growing populations. The mid-1800’s saw extensive sewage systems 
built in London and Paris, which were considered to be two of the greatest 
engineering feats of their time. Melbourne followed with their first WWTP, the 
Western Treatment Plant (WTP) established in Werribee in 1897. WTP relied on 
three very land intensive sewage treatment practices, land filtration, grass filtration 
and lagoon treatment. Procuring such large amounts of land for wastewater 
treatment has become somewhat of impracticability in the modern era when property 
prices are at a premium, which has led to the implantation of more efficient methods 
that take into account modern chemical engineering principles. The Eastern 
Treatment Plant (ETP) in Melbourne was established in 1975 and, at a tenth the size 
of WTP, is the epitome of a modern WWTP.   
Modern wastewater treatment consists of three stages, primary, secondary and 
tertiary. Primary treatment involves physical treatment and screening to remove grit 
and sedimentation. Secondary treatment seeks to remove most of the organic 
material, or sludge from the wastewater using aeration tanks, clarifiers and effluent 
holding basins. Tertiary treatment is then the chemical and biological treatment of 
the treated wastewater to make it suitable to either be recycled or released into 
waterways.  
Sludge treatment and disposal is the most challenging and costly part of wastewater 
treatment and is said to account for up to 50% of the total cost of a WWTP’s 
operations (Appels et al., 2008). For the sake of running a cost-effective plant, it is 
crucial that this step be optimised. 
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2.2 Anaerobic digestion 
 
Anaerobic digestion is one of the first modern techniques in stabilising wastewater 
sludge. It is a biological process in which microbes in the absence of oxygen convert 
wastewater sludge into methane-rich biogas and odour-free biosolids. Anaerobic 
digestion consisted of four stages, hydrolysis, acidogenesis, acetogenesis and 
methanogenesis. Hydrolysis is where microbes break down carbohydrates, fats, and 
proteins in organic matter into sugars, fatty acids, and amino acids, respectively. 
Acidogenesis is where microbes convert sugars and fatty acids into carbonic acids 
and alcohols and convert fatty acids and amino acids into hydrogen, carbon dioxide, 
and ammonia. Acetogenesis converts the products of acidogenesis into hydrogen, 
acetic acid, and carbon dioxide, and then the final step, methanogenesis converts 
those products into methane and carbon dioxide. Resultant biogas produced has a 
general composition of around 48-65% methane (Rasi et al., 2007) from which the 
energy can be recovered. If produced in sufficient quantities, the biogas can produce 
energy in excess of the plant’s requirements, and the surplus can be sold to the grid. 
De Haas (2015) pointed out that one of the factors leading to net energy inefficiency 
of WWTP’s across Australia is the lack of energy producing anaerobic digestion 
options available to WWTP’s. The economic viability of WWTP’s becoming net 
power producers depends on regulatory factors surrounding domestic energy 
markets. However, the environmental regulatory framework of Victoria dictates that 
over the period of 2013-18, WWTP’s must implement programs to reuse 100% of the 
biosolids produced in the anaerobic digestion process (EPA-Victoria, 2011).   
2.3 Anaerobic digesters 
Industrial anaerobic digesters are the large vessels in which the digestion process 
occurs. Conventional digesters are operated in two configurations, the standard-rate 
process, where the contents of the digester are usually unheated and unmixed and 
have a residence time ranging from 30 to 60 days, and the high-rate process where 
the contents of the digester are heated and mixed where sludge will typically have a 
residence time of 15 days. Anaerobic digestion tanks are usually cylindrical, 
rectangular or egg-shaped. The egg-shape digesters are efficient, eliminate the need 
for cleaning and are widely used in Europe and the United States. The most 
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common design around the world is the cylindrical design, due to the simplicity of 
design.   
By nature of being a biological process, the performance of an anaerobic digester 
can be sensitive to its environment and a range of design considerations such as 
vessel geometry and hydraulic retention time. pH range is kept between 6.6-7.2, as 
methanogenic bacteria cannot operate under pH 6.2. Depending on which microbial 
activity is preferred, digesters can operate in either the mesophilic range (30°C to 
38°C) or the thermophilic range (49°C to 57°) (Tchobanoglous et al., 2003). 
Two intrinsically linked design considerations are solids loading and mixing 
performance. In order to compensate for global trends with an emphasis on better 
wastewater management that pushes for more concentrated feed stocks, which are 
ultimately more energy rich, mixing performance must be optimised. This is however, 
not a simple linear relation as the hydrodynamic behaviour of sludge is a result of its 
rheology. A dilute sludge is said to behave in a Newtonian fashion i.e. constant 
viscosity (Sanin, 2002) which from a conventional engineering standpoint poses a 
very little challenge. Increased solids concentration in digester feed stocks leads to 
increased deviation from Newtonian behaviour (Eshtiaghi et al., 2013), which does 
pose a challenge to conventional engineering wisdom.   
2.4 Mixing in anaerobic digestion 
Dawson et al. ( 2000) outlined seven key mixing objectives:   
1) To provide contact between feed sludge and microbial population 
2) To provide physical, chemical, and biological homogeneity to ensure a 
satisfactory environment for bacteria 
3) To distribute organic compounds and dilute inhibitors 
4) To prevent stratification and temperature gradients. 
5) To make full use of the digester volume, i.e. avoid short circuiting 
6) To minimise solid settling leading to digester dead zones 
7) To minimise surface scum formation and foaming.    
Although the first anaerobic digester for sludge was recorded in 1885 by W.J.Dibden, 
mixing was not introduced in digesters in the U.K. until 1934 (Dawson, 2000). Lusk 
 12 
 
(1998) stated that the failure rate for a standard digester is 70% due to poor mixing 
and Tenney & Budzin (1972) even argued that as up to 50% of the geometric volume 
of an anaerobic digester is stagnant. Of course, in the ensuing years since these 
studies, mixing in anaerobic digesters has improved, and the significant increase in 
capital expenditure that comes from oversizing of up to 50% is no longer justified. 
Solid settling, short-circuiting, dead-zone, and scum formation that arise from poor 
mixing performance are still major problems leading to less than optimal biogas 
production in industry.   
There are three main mixing methods found in industry: mechanical mixing, gas 
mixing and pumped liquid recirculation through submerged jets (Qasim, 1999.). 
While all mixing methods lead to an increase in biogas production, the choice of 
which method or a combination of methods is not always a considered one, and 
design values are often chosen according to the experience of manufacturers and 
operators rather than empirical evidence (Dawson, 2000).  
2.4.1 Mechanical mixing 
The most straightforward mechanical mixing systems involve one or more impellers 
mounted on a centrally located shaft in the digester. The engineering principles 
behind this kind of mixing system are well-known, and it generally leads to good 
homogenisation and minimum surface scum formation which can be improved with 
baffles (as seen in Figure 2.4-1(a)). The increase in moving parts is an obvious 
disadvantage, because the nature of the sludge often leads to increased fouling and 
rag formation around the impellers, leading to decreased mixing efficiency.  Fouling 
and rag formation can be minimised by placing the impellers in either internal or 
external draft tubes (as seen in Figure 2.4-1(b) and (c), respectively), but this doesn’t 
fully eradicate the problem. 
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Figure 2.4-1: (a) Simple impeller schematic with baffles. (b) Mechanical mixing with internal draft tubes 
schematic. (c) Mechanical mixing system with external draft tube schematic.  (Turovskiy and Mathai, 
2006) 
2.4.2 Gas mixing 
Gas mixing is the agitation of the fluid body of the digester by compressed biogas 
generated from the digestion process. In industry, this is carried out in four 
configurations as seen in Figure 2.4-2. Figure 2.4-2 (a) shows the cover-mounted 
lance arrangement, whereby unconfined gas is injected through a series of lances. 
This is a low maintenance method that is effective at breaking scum surface but is 
not particularly effective against solids deposition. Given that the biogas injected will 
always be of a lower density than the bulk fluid, cover-mounted lances are unable to 
achieve much mobilisation between the end of the lance and the bottom of the tank. 
Low et al. (2013a) showed that the height of a centrally fixed lance in relation to the 
liquid height of the vessel had great effect, such that a gas sparger only ¼ 
submerged in the liquid body fails to achieve 50% active volume, where as a gas 
sparger ¾ submerged in the liquid body can achieve near complete mobilization at a 
given power input at steady state. In order to compensate for the inability of buoyant 
gasses in tackling solid settling, unconfined gas can be released through floor 
mounted diffusers, as seen in Figure 2.4-2 (b). This method has the advantage of 
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being better at treating solids settling but is not as effective against scum formation, 
and maintenance requires shutdown of the digester.  Figure 2.4-2 (c) shows the gas 
lifter design in which there is a confined release of gas in a draft tube. The draft tube 
acts as a gas lift pump in which the compressed gas is injected into the bottom, 
drawing in sludge as it floats to the surface and subsequently releasing the sludge at 
the top of the draft tube, thus providing mixing. The theory and design optimisation 
are laid out in great detail in Verhoff et al. (1974). This has lower power requirements 
than unconfined gas mixing systems but does not provide good top mixing. Figure 
2.4-2 (d) shows the gas piston design of mixing in which compressed gas is injected 
into a bubble chamber until the column is full then let out in the form of a bubble, 
breaking surface scum. For equal gas distribution, multiple pistons are placed 
around the digester. This method provides good mixing; however, it requires 
complex equipment and higher levels of maintenance compared to other gas mixing 
methods.  
    
  
 15 
 
 
 
 
 
 
Figure 2.4-2: Simple schematics of the various gas mixing systems found in anaerobic digesters: (a) 
Cover-mounted lance arrangement. (b) Bottom mounted diffuser arrangement.  (c) Gas lifter design. (d) 
Gas piston design (Turovskiy and Mathai, 2006) 
2.4.3 Pumped liquid recirculation 
Pumped liquid recirculation involves the withdrawal of sludge from the digester 
through a suction nozzle and subsequent re-injection through a jet nozzle. This 
single-phase mixing technique can be effective in combatting both solid settling and 
scum formation, and pumps are lower maintenance than gas compressors. The 
design factors that govern effective jet mixing such as pump capacity, nozzle 
diameter, and orientation, as stated above, are often based on the experience of the 
manufacturers and operators instead of empirical research. Figure 2.4-3 shows one 
possible arrangement, as offered by Walker Process Equipment (USA).  
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Figure 2.4-3: An example of jet recirculation system offered by Walker Process Equipment (USA) 
In many industrial settings, a combination of mixing techniques will be used. The 
path of sludge recirculation will often include a heat exchanger which is used to 
regulate the temperature of the digester. Figure 2.4-4 shows two arrangements of 
combined mixing systems that are in operation at ETP (Eastern Treatment Plant, 
Melbourne). Figure 2.4-4 (a) shows gas sparging confined in a draft tube, used in 
conjunction with sludge recirculation, where Figure 2.4-4 (b) shows unconfined gas 
spargers in conjunction with sludge recirculation.   
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Figure 2.4-4(a) & (b) combination mixing systems found at ETP (Melbourne-Water, 2013)Study of mixing 
To evaluate mixing performance, Melbourne Water uses a lithium tracer method, 
adapted from Metcalf & Eddy (Tchobanoglous et al., 2003) such that: ln(𝑐/𝑐0) = −𝑆 𝑉⁄           (2.4-1) 
Where c0 is the initial concentration of the lithium injected in the digester, c is the 
concentration at time t found in a withdrawn sample of sludge at the outlet, S is the 
cumulative amount of sludge at time t and V is equal to the active volume of the 
digester.  The problem with this method is that is essentially a “black box” method as 
described by Karaeva and Khalitova (2015), in which only inputs and outputs are 
measured and correlated to one another. By omitting any physics from the analysis 
of how to achieve good mixing, it makes it difficult to make any logical assessment of 
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the factors that influence it. This thesis will focus on jet recirculation mixing in 
isolation, in order to make logical assessments about the factors that influence jet 
mixing, not just in anaerobic digesters, but in all applications of submerged 
recirculating jets for the purpose of agitation.   
The study of mixing in anaerobic digesters is essentially conducted on three scales 
namely the industrial/pilot scale, the laboratory scale, and the computational fluid 
dynamics scale (CFD). 
2.4.3.1 Industrial scale  
On the industry and pilot levels, chemical tracers and radioactive tracers are used to 
evaluate mixing. Chemicals tracers are largely lithium or fluoride based, and 
radioactive tracers are typically inert with a very short half-life (Capela et al., 2009).  
Tracer methods are based on the principle of measuring the residence time 
distribution (RTD), that is the distribution of particles entering and leaving the system 
with time. The shape of the RTD curve gives an indication of the type of 
hydrodynamic phenomena occurring. A smooth exponential decay in tracer 
concentration that reaches the observed mean tracer concentration around the 
hydraulic retention time signifies a well-mixed reactor. Stagnant zones may be 
present if the mean concentration is reached before the hydraulic retention time, and 
an early sharp peak indicates shirt-circuiting may be occurring (Lindmark et al., 
2014). These techniques are useful in determining the mixing performance of 
existing digesters but offer no real insight for future design. 
2.4.3.2 Laboratory Scale 
Laboratory scale investigations have the advantage of using non-invasive techniques 
that allow for closer investigation of mixing phenomena. This allows for the greater 
understanding of the physics of mixing and a better identification of where stagnant 
zones and short-circuiting occurs. Real opaque sludge requires sophisticated and 
occasionally expensive analytical techniques to measure flow patterns. Karim et al. 
(2004) used both computer automated radioactive particle tracking (CARPT) and 
computed tomography (CT) to study the flow patterns in real opaque sludge in a 
0.203 m diameter tank agitated by a draft tube mixing system, with which they were 
able to determine that near 4-fold increase in gas recirculation rates did not lead to a 
proportional increase in mixing performance. Babaei et al. (2015a) used electrical 
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resistance tomography (ERT) to investigate gas hold-up in real sludge in a 0.248 m 
diameter tank. The constraints of these techniques, whether OH&S concerning 
handling bio-hazardous sludge or economic factors, can be avoided through the use 
of simulant fluids. Dawson ( 2000) used CMC at concentrations of 0.3, 0.6 and 1.0 
wt% to mimic sludge at 2.5, 5 and 10% dissolved solids. They used a salt tracer with 
conductivity probes to measure blend time and a combination of dyes and neutrally 
buoyant particles to determine active volume in a 0.610 m diameter tank using all 
three agitation techniques found in industry. Montante and Paglianti (2015a) used 
demineralised water to mimic very dilute sludge and studied the flow patterns of a 
0.49 m tank agitated by an impeller using both particle image velocimetry and planar 
laser induced fluorescence. While Low (2013a) used xanthan gum Keltrol T (XGKT) 
solution at concentrations of between 0.15 and 0.40 wt% to mimic sludge in a 0.19 m 
tank using all three mixing methods found in industry. 
Lab scale investigations are extremely useful in casting light on physical phenomena 
occurring in mixing operations but have the marked disadvantage of being time and 
resource intensive. Testing the effect of or manipulating a single variable is often a 
full day’s work. Thus a full experimental design could be very lengthy.   
2.4.3.3 Computational fluid dynamics scale  
CFD can offer numerical simulations of the mixing process occurring in anaerobic 
digesters. CFD is a versatile tool as it can give information on flow fields, velocity 
profiles, and show well-mixed regions and dead zones. Furthermore, it is far less 
resource intensive than lab scale investigations. Therefore, it is much easier to 
investigate the effect of a wide range of variables on a system. However, CFD 
models, like all models must be validated against experimental data. In the literature, 
several methods are used to validate CFD models, ranging from CARPT(Hoffmann 
et al., 2008, Karim, 2007) ERT (Montante and Paglianti, 2015b), RTD curve data 
(Terashima et al., 2009), ultrasonic Doppler velocimetry (UDV) (Wu, 2012) to 
visualisation techniques (Tamburini et al., 2009, Low, 2013a). According to 
Lindmark’s extensive review of CFD simulations in anaerobic digestion (Lindmark et 
al., 2014), the bulk of the literature is concerned with gas lift mixing, impeller mixing, 
and draft tube mixing, with jet mixing in anaerobic digesters left under-represented. 
Mendoza (2011) constructed a full-scale anaerobic digester simulation agitated 
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entirely by jet mixing; curiously, they did not seek to validate it against any 
experimental data. 
The only CFD study of submerged recirculating jets in anaerobic digesters that 
seeks to validate its models against experimental data that is known to the author is 
by Sajjadi et al. (2016), who validate their models against data presented in this 
thesis. Thus, this study places itself within the laboratory scale of investigation, in 
order to 1) provide hard data for CFD model validation, and 2) provide an 
understanding of the underpinning physics of the industrial scale digesters in order to 
provide design recommendations.      
 
2.5 Jet mixing overview 
Jet mixing is a single phase mixing process, whereby a high-velocity jet of fluid 
entrains the surrounding fluid creating a mixing layer at the jet boundary. Jet mixing 
is commonly employed in large-scale tanks where the required blend time of the 
tanks is more in the order of hours rather than minutes or seconds. Therefore, jet 
mixing is ideal for anaerobic digesters with HRTs in the order of days, which require 
sludge recirculation system for temperature regulation anyway. If jet mixing can be 
optimised, the added capital expenditure on another form of mixing can be avoided.  
Submerged jets in tanks can either occur radially, through a side entrance of the tank 
or axially along the axis of the tank. The study of submerged jet mixing in tanks has 
historically focussed on blend time, tθ, as the key criteria for measuring mixing 
success. One of the first in-depth studies of large-scale jet mixing of Newtonian fluids 
was by Fossett and Prosser (1949) investigating the effect of free jets (jets 
unbounded by vessel geometry) on the blend time of tetraethyl lead with aviation fuel 
in underground storage tanks. Their experiments consisted of a 1.5 m diameter tank 
(DT), with a liquid height (HT) of 0.9 m fitted with an inclined side entry nozzle. They 
used a single nozzle with diameters (dj) between 0.02 and 5.7 mm with jet Reynolds 
numbers (Rej) between 4500 and 80,000, where Rej is defined as: 
𝑅𝑒𝑗 = 𝑑𝑗𝑣𝑗𝜌𝜇            (2.5-1) 
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vj is nozzle velocity (m/s), ρ is fluid density (kg/m3), and μ is Newtonian viscosity. Rej 
less than 100 signifies laminar flow while Rej > 1000-2000 signifies fully turbulent 
flow, placing Fossett and Prosser’s research firmly in the turbulent regime. They 
proposed the following correlation for blend time: 
𝑡𝜃 = 9 𝐷𝑇2𝑣𝑗𝑑𝑗 .          (2.5-2) 
Fox and Gex (1956) extensively investigated the effects of both side-entry jets and 
propellers in water, glycerol, and cooking oil using an acid-base tracer technique in 
0.305, 1.52 and 4.27 m diameter tanks.  They were able to correlate mixing time for 
all three scales within ± 50% such that: 
𝑡𝜃 = 𝑓 �𝐹𝑟𝑗𝑅𝑒𝑗�1 6� 𝐷𝑇𝐻𝑇1 2�𝑑𝑗3 2�          (2.5-3) 
where Frj is the jet Froude number, a dimensionless number equal to vj2/g.dj, where 
g is the gravitational constant. f is a correlation factor that is dependent on flow 
regime and therefore varies depending on whether the flow is in laminar or turbulent 
regimes.  
Van De Vusse (1959) tested the two models in a 32 m diameter tank (HT = 13 m) 
agitated by a side entry jet with a nozzle diameter of 0.050 m at a 25° angle, and 
found that their data best fit Fossett and Prosser’s correlation such that 
 𝑡𝜃 = 3.6 𝐷𝑇2𝑣𝑗𝑑𝑗           (2.5-4) 
Bookending the early period jet mixing study in tanks, Okita and Oyama (1963), who 
contended that the scatter found in Fox and Gex’s work was too great and set out to 
find their correlation. Using inclined side-entry jets, they posited that the nozzle angle 
had no effect on mixing time, and mixing time in a fully turbulent tank (Rej > 7000) is 
independent of Reynolds number. Their correlation was as follows: 
𝑡𝜃 = 5.5 𝐷𝑇3 2� 𝐻𝑇1 2�𝑣𝑗𝑑𝑗           (2.5-5) 
Okita and Oyama had placed the suction nozzle of their recirculation system just 
behind the inclined side-entry jet, with no awareness as to how the interaction 
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between the two could affect the flow patterns. Ignoring the effect of suction appears 
to be a regular fixture of the early period of jet mixing study, although Fox and Gex 
alluded to it in acknowledging that jet placement is not critical to mixing time provided 
that it doesn’t feed directly in the suction nozzle. However, to disregard jet placement 
entirely is also controversial. 
A summary of the correlations for jet mixing performance can be found in 
Patwardhan and Gaikwad (2003). However, the majority of jet mixing studies to date 
has been in Newtonian fluids that ignore the effect of suction. Revill (1992) 
presented another well-researched review, and gave design recommendations, 
mentioning that the injection nozzle should be placed as far away from the suction 
nozzle as possible. While this is perhaps intuitive, it is unclear how this conclusion is 
reached.  In their extensive study of jet placement, Orfaniotis et al. (1996) keep the 
location of the suction nozzle constant while varying most other factors, because, 
they stated, that it is known that the suction nozzle’s position does not significantly 
influence the flow structure in the reactor which only depends on jet momentum”. But 
this is a contentious statement founded on very little evidence. The author of this 
thesis is not aware of any experimental studies exploring the influence that suction 
has on flow patterns in submerged recirculating jet mixing. Jayanti (2001) studied the 
advection-diffusion interaction in jet mixing using CFD and found that, in areas with 
strong recirculation currents, jet mixing is advection-dominated, while in regions of 
low recirculation currents jet mixing is diffusion-dominated. It is suggested here that 
increasing the strength of recirculation currents doesn’t necessarily lead to an 
improved mixing as short-circuiting can occur, thus it is recommended that mixing is 
optimised when a balance between advection and diffusion is found. Inlet and outlet 
nozzle locations have been studied in CSTR tanks (Mavros et al., 1997, Patel et al., 
2011) which has yielded some meaningful results, however, these are for combined 
mixing systems, and this study seeks to isolate jet recirculation mixing. 
Studies on non-Newtonian media in jet recirculating systems are not common in the 
literature although examples do exist (Hylton and Cummins, 1997, Munroe et al., 
2009, Reshma et al., 2007). While these studies are largely rudimentary, studies on 
pulse jets in non-Newtonian media are more developed. Meyer and Etchells (2007) 
expanded on Solomon et al.’s (1981) concept of the cavern, i.e., a steady-state 
condition in which an active mixing region that extends only to the point where local 
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stresses imposed by the mixing source become equal to the yield stress of the fluid. 
Yield stress is central to the concept of the cavern, and Meyer and Etchells derived 
the following relationship to describe cavern dimensions 
𝐻𝑐
𝐷𝑇
= 𝑎𝑣𝑗
𝑑𝑗
�
𝜌
𝜏𝑦
− 1 2⁄           (2.5-6) 
where Hc is the height of the cavern (m), τy is the yield stress (Pa) and a is a model 
constant that is a weak function of Rej. Pulse jets have the geometric simplicity of 
having one power source, thus deriving a relationship describing the dimensions of a 
cavern is less challenging than recirculating jets where suction may play a role. 
2.6 Conclusions 
This chapter has explored the literature available in an effort to place this study 
within the intellectual tradition of an existing body of work. It has revealed that there 
is a lack of logical analysis for jet recirculating systems in anaerobic digesters. This 
study will, therefore, employ a laboratory scale investigation in order to examine the 
underlying physics of the process and offer design recommendations for industrial 
scale operations, while offering experimental data to the CFD community to validate 
their results. Of particular interest is the effect of suction in jet recirculation mixing 
systems, as it has been largely ignored in the literature.      
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Chapter 3 A Flow Visualisation Study of Jet Mixing Performance 
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3 A Flow Visualisation Study of Mixing Performance 
3.1 Introduction 
As stated above, the study of flow behaviour in real opaque sludge on a laboratory 
scale cannot be achieved without costly techniques such as CARPT or CT (Karim et 
al., 2004). Optical flow visualisation is both a cost effective method and a highly 
trustworthy technique to observe flow patterns that have been central to the study of 
fluid mechanics since the days of Reynolds and Prandtl. Merzkirch (1987) credits 
Ernst Mach for playing the definitive pioneering role in the development of flow 
visualisation. It has been said that Mach’s enthusiasm for flow visualisation stemmed 
not only from an engineering standpoint but a more fundamental phenomenological 
view that all scientific knowledge must be grounded in sensory data. 
Norwood and Metzner (1960) conducted one of the first studies to investigate the 
agitation of non-Newtonian media on a laboratory scale with impellers through flow 
visualisation. Adopting and modifying a method used by Fox and Gex (1956) they 
used an acid-base neutralisation reaction in which base was first homogenously 
distributed in the bulk solution with a methyl-red indicator. A stoichiometrically 
equivalent amount of neutralizing acid was added, which initially resulted in a sharp 
increase in deep red colour in the tank, but as the acid reacted with the base, the 
sharp red colour disappeared, and the time of total disappearance was regarded as 
blend time. Lamberto and others (1999) used a similar flow visualisation technique, 
among other techniques to measure the dimensions and stability of inactive mixing 
regions (IMR) and caverns formed in mixing both Newtonian and non-Newtonian  
fluids.  
While both the blend time and the dimensions of the structures formed in mixing are 
useful endpoints; it says little of the evolving flow patterns over time. Alvarez et al. 
(2002) used tracer visualisation methods and laser induced fluorescence (LIF) to 
study mixing patterns as they evolved over a standard time scale in ‘eccentric’ stirred 
tanks, i.e. tanks with asymmetrical impeller configurations. The problem of using a 
standard time scale is that it masks the effect of power input on mixing and vessel 
geometry, which requires a non-dimensional time scale to explore in full. Yek and 
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others (2009) studied IMR’s in Newtonian media over a dimensionless time scale 
and found that using a lower power number impeller actually resulted in a better 
mixing performance over this timescale. Most relevant to this study is by Low et al. 
(2012) who studied mixing performance and cavern formation in xanthan gum Keltrol 
T (XGKT) solutions over a dimensionless time scale. This is significant as opaque 
sludge cannot be studied with simple tracer methods, but with an understanding of 
sludge rheology, it is possible to use transparent XGKT solutions with a simple acid-
base neutralisation technique to study flow patterns over time. There is not an in-
depth study of jet recirculation mixing of a sludge simulant on a laboratory scale 
known to the author. Hence, this is where the novelty of the study arises. For the 
sake of simplicity, this chapter employed the following design philosophies and 
assumptions to explore the effects of fluid rheology and jet velocity (specific power 
input) on the destruction of inactive volume over a dimensionless time zone. 
• XGKT solutions act as a sludge simulant, shown by Low et al. (2012) to mimic 
sludge over a range of concentrations and shear rates found in anaerobic 
digesters 
• Agitation was restricted to specific power inputs found in industry. 
• The impacts of individual variables were tested whilst keeping other variables 
constant.  
• A 1:1 tank aspect ratio was used for simplicity. 
• A 2D slice was used for analysis, azimuthal symmetry assumed. 
• Hydrodynamics in an agitated vessel occurs in two distinct regions, the active 
region, and the inactive region 
• It was assumed that the effects of fluid mechanics and rheology might 
decouple at some limit, but neither were deliberately isolated 
3.2 Methodology 
3.2.1 Simulant fluid 
Low et al. (2012) showed that 0.15 wt% solution of XGKT in water at 20°C can mimic 
digester sludge with 2.25 wt% solids at 37°C over a range of shear stresses 
generally found in anaerobic digesters. Furthermore, it was shown that more 
concentrated solutions of XGKT mimic sludge with higher solids concentration. 
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Therefore, to follow the trend of using digester feedstock with higher solids 
concentration, 0.3, 0.4 and 0.5 wt% XGKT solutions were used in this project to 
investigate mixing patterns that arise in systems that mimic digesters with 
concentrated feedstocks. As mentioned above, the use of transparent XGKT solution 
as sludge simulant allows for flow visualisation experiments at room temperature, 
which is not possible using opaque sludge. 
Figure 3.2-1 shows a log-log plot of apparent viscosity (η) against shear rate (?̇?). The 
rheological responses of the test fluids in steady shear flow at 25°C are represented 
by the filled symbols. Also shown in Figure 3.2-1 are the responses of several 
samples of municipal wastewater sludge with solids contents ranging from 1.8 to 7.1 
wt% (open symbols) also measured in steady flow at 25 °C (Eshtiaghi et al., 2016). 
The dashed and solid lines shown in Figure 3.2-1 serve to demarcate the upper and 
lower limits. The XGKT solutions used in this study have been purposely located 
near the end of the lower range because it allows for easy tailoring of the properties 
of the liquids in the system. 
It can be observed in Figure 3.2-1 that the rheological data follows a similar trend for 
most of the test liquids and sludge samples represented in the diagram, indicating 
that the XGKT solutions used in this work are good models of actual waste sludge. A 
typical way of characterising these types of fluids is to fit a Herschel-Bulkley (HB) 
model to the data whose canonical form is as follows.   
𝜏 = 𝜏𝑌 + 𝑘?̇?𝑛                   (3.2-1) 
where 𝜏 the shear stress (Pa) is, 𝜏𝑌 is the yield stress (Pa), 𝑘 is the consistency 
index (Pa.sn), ?̇?  is the shear rate (s-1) and n is the non-dimensional flow index.  
Table 3.2-1 summarises the fitting parameters for each fluid for the HB model. It 
must be clarified here that it is not the intention of the study to mimic the rheological 
behaviour of a particular sludge variety, containing a given percentage of solids for 
instance. The focus of this study is to extract information on the hydrodynamic 
mechanisms that lead mobilisation of the contents of a vessel when agitated in 
certain ways. The optical clarity of the liquids allows for visualisation of flow patterns, 
and the fact that the experiments can be conducted safely at room temperature are 
features that put this approach at a distinct advantage over comparable approaches 
where radioactive traces (Karim, 2007) or high electric fields (Babaei et al., 2015b) 
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are used for similar studies. It should be noted that XGKT solution is a homogenous 
fluid, and therefore cannot mimic the settling nature of the particles in sludge over 
time. Therefore this study seeks to isolate and focus only on the viscous behaviour 
of the sludge.            
 
Figure 3.2-1: A log-log plot of apparent viscosity (η) of XGKT solutions and sludge samples against shear 
rate(γ ̇). 
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Table 3.2-1: A summary of Herschel-Bulkley parameters for fluids in Figure 3.2-1 
wt% XGKT τy (Pa) n k (Pa.sn) 
0.3 - 0.38 1.29 
0.4 - 0.33 1.7 
0.5 5.5 0.46 0.7 
wt% Sludge τy (Pa) n K (Pa.sn) 
1.8 0.49 0.62 1.64 
3.6 18.2 0.33 7.45 
4.2 58.7 0.31 19.6 
5.3 58.7 0.42 13.3 
7.1 117 0.38 30.6 
 
3.2.2 Flow visualisation setup 
Experiments were carried out in a cylindrical vessel with a diameter, DT, of 0.19 m 
with an aspect ratio of 1:1, such that liquid height, HT = DT = 0.19m. A 1:1 aspect 
ratio was used because it offers simplicity for analysis and it is also the aspect ratio 
used in digesters at South East Water’s Mount Martha facility in Melbourne. The tank 
was situated in a larger cubical tank, with the gap between the two filled with water. 
This is to reduce the effects of optical distortion due to the curvature of the cylindrical 
tank in keeping with established methodology for flow visualisation experiments (Yek 
et al., 2009). Two spot lights were shone onto the tank using two layers of cardboard 
with a slit in the middle of the tank. This is done in order to create a beam of light, 
which serves to illuminate the centre plane of the tank. The top view of this layout 
can be seen in Figure 3.2-2(a) and the resultant image obtained from this illuminated 
plane method can be seen in Figure 3.2-2(b).  
Figure 3.2-2 (c) shows the schematic of the mixing setup employed in this chapter. 
The working fluid, placed inside the cylindrical vessel (A) which in turn is placed 
inside the cubical vessel (B), is withdrawn through the suction nozzle with a 
diameter, ds, of 6 mm at a flow rate of ?̇? (1.15-4.6 x 10-5 m3/s) through a peristaltic 
pump (C) (Masterflex® L/S®, Cole-Parmer, USA) with a variable speed drive. The 
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fluid is then recirculated into the tank through a jet nozzle of diameter, dj, of 6 mm. 
Both nozzles are placed at HT/2 liquid height.  
Preparation for flow visualization procedure begins with increasing the pH of the tank 
liquid using 15 ml of 1M NaOH solution and adding a fluorescence dye until a light 
green colour is observed. The liquid is then stirred mechanically with an impeller at a 
high rotational speed for a minimum of 10 minutes to ensure uniform pH and dye 
concentration, after which time the impeller is removed from the system. To prepare 
the tracer solution, 20 ml of the original XGKT solution was removed from the tank 
before the addition of the fluorescence dye and mixed with a stoichiometric excess of 
1 M HCl solution (20 ml). The tracer solution was then injected with a syringe close 
to the tip of the jet nozzle at the start of the recirculation process. The effect of 
lowering the pH of the tank solution is that the fluorescence dye undergoes a 
decolourisation in the regions of the tank where the HCl solution is or has been 
present. This decolourisation can be effectively used as a tracer to monitor the 
formation and the spread of the active region, the boundary of which corresponds to 
the tracer front. The spread of active volume (or the demise of inactive volume) in 
the tank was studied with increasing time. An HD video camera located in the front of 
the tank was used to digitally record the experiments over time. For analytical 
purposes, the process time, t (s), which is the time elapsed since the injection of the 
tracer solution in the tank, was made dimensionless by using the hydraulic residence 
time (𝑡ℎ = 𝑉𝑇/?̇?), giving the dimensionless time-scale the form of 𝑁𝑡 = (𝑡/𝑡ℎ) =
?̇?𝑡/𝑉𝑇. NT also represents the number of times the liquid in the tank has been turned 
over for a given time ‘t.’ The video images obtained were analysed using Image J 
software (NIH, USA). The active volume Va (m3) was found by taking the volume as 
a cylinder with an equivalent diameter Dc (m) and an area in the illuminated plane of 
Ac (m2) as seen in Figure 3.2-2 (b), which can be thought of as Dc.Hc where Hc is the 
equivalent height of the active volume. Thus Va can be calculated as 
𝑉𝑎 = 𝜋𝐻𝑐𝐷𝑐24 = 𝜋𝐴𝑐𝐷𝑐4           (3.2-2) 
The inactive volume, Vi is then found by subtracting the active volume from the total 
liquid volume VT. This can then be expressed in fractional terms as (Vi/VT) : 
𝑉𝑖
𝑉𝑇
= 𝑉𝑇−𝑉𝑎
𝑉𝑇
           (3.2-3) 
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Inactive volume, as a fraction or percentage of total volume can then be plotted 
against Nt to examine the destruction of inactive volume over time. 
Specific power input due to liquid recirculation, P/VT  (W/m3) is the amount of power 
imparted by the pump per unit volume of liquid. P/VT is useful for scale-up purposes 
and is calculated as follows. 
𝑃
𝑉𝑇
= 1
2
𝜌𝐴𝑗𝑣𝑗
3
𝑉𝑇
           (3.2-4) 
where Aj is the cross-sectional area of the jet nozzle (m2). Experiments carried out in 
triplicate have shown that error was within 5%. Results were not instrument 
generated, thus error bars would add little value and only serve to cloud up the 
measurements. 
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 (a) 
 
(b) 
 
(c) 
 
Figure 3.2-2: (a) A top view of the illumination set-up. (b) A sample photograph of the colourless region 
formed using a downward-facing nozzle, and the measurements taken using ImageJ® (NIH, USA). (c) A 
schematic of the mixing rig using an upward-facing nozzle in a Perspex® tank (A) of diameter DT with an 
1:1 aspect ratio such that liquid height HT = DT. Mixing is carried out through the suction nozzle and 
injection nozzle with diameters ds and dj, respectively, situated at half liquid height. The tank is placed in 
a cubical tank (B) with an annulus filled with water to minimise optical distortion. The mixing is driven by 
(C) a peristaltic pump. 
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3.3  Results & Discussion 
3.3.1 Discovery of flow regimes with a downward-facing nozzle in 
1:1 tank  
Figure 3.3-1 shows the decay of inactive volume in the 19 cm diameter tank with a 
1:1 aspect ratio (DT=HT) agitated by a downward-facing recirculating jet of 6 mm 
diameter, placed at the half liquid height, pumping at a nozzle velocity of 0.81 m/s. 
When plotting the decay of inactive volume percentage of total volume (Vi/VT) 
against the non-dimensional time scale, Nt, on a linear scale, one can see that decay 
occurs in a near exponential fashion i.e. the rate of decay is decreasing with 
increasing time. Two other features of the graph are worth noticing. The first being 
that the curve doesn’t follow a smooth continuous trend, the second being that over 
the time scale measured, the data does not reach steady state.   
 
 
Figure 3.3-1: A linear plot of Nt vs. Vi/VT for a 19 cm diameter tank with a 1:1 aspect ratio (DT=HT) agitated 
by a downward-facing recirculating jet of 6 mm diameter, placed at half liquid height, pumping at a nozzle 
velocity of 0.81 m/s. 
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After recognising that the curve decays in a near exponential fashion, the data is 
placed on a log-log scale as seen in Figure 3.3-2(a). Three distinct trends emerge 
from the log-log plot. Figure 3.3-2(b) shows the three distinct trends as regimes, 
each associated with its distinct physical phenomenon, which can be seen in the 
pictures overlaid on top of the graph. Regime 1, which occurs in this data set at ≈ Nt 
< 0.7, is where active volume begins to form around the jet, unencumbered by the 
walls of the vessel, save for the floor of the tank. From the pictures, it can be seen 
that for Nt = 0.539 and Nt = 0.810, a well-ordered cavern structure is yet to form and 
mixing takes place below the injection point. This shape of the curve changes into a 
power-law function as it transitions into regime 2. By inspection of the photographs, 
the physical phenomena occurring in regime 2 is one of well-ordered cavern growth 
that occurs in a conical fashion around the nozzle. This cavern first spreads to walls 
of the vessel then upwards toward the air-liquid interface. It is in this regime that the 
inactive volume in the tank falls to under half the total tank volume. The slope of the 
power-law function is found to be -0.46 (R2 = 0.995) over the duration of this regime, 
which transitions at a critical point of Nt*= 16.9. At the point of Nt*, the conical shape 
of the cavern around the nozzle breaks down, and the cavern seeks to fill the entire 
vessel volume. This is accompanied with an almost 5-fold increase in the slope of 
the power-law curve which can be found to be -2.2 (R2=0.997).  
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Figure 3.3-2: (a) A log-log Nt vs. Vi/VT for a 19 cm diameter tank with a 1:1 aspect ratio (DT=HT) agitated by 
a downward-facing recirculating jet of 6mm diameter, placed at half liquid height, pumping at a nozzle 
velocity of 0.81 m/s. (b) The same data portioned into three regimes with accompanying photographs to 
show the physical phenomena taking place. The slopes of the power-law curves are shown for regime 2 
& 3 along with the transition point between these two slopes, Nt*. 
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3.3.2 Effect of fluid rheology on the regimes 
Figure 3.3-3 shows a log-log plot of (Vi/VT) data for the 19 cm diameter tank with a 
1:1 aspect ratio (DT=HT) agitated by a downward-facing recirculating jet of 6 mm 
diameter placed at half liquid height, pumping at a nozzle velocity of 0.81 m/s for 0.3, 
0.4 and 0.5 wt% XGKT solutions. The intention of the graph is to show the difference 
that viscosity (η) makes on the three defined mixing regimes seen above, taking into 
account that η0.5> η0.4> η0.3, when all other factors are kept constant. It can be seen 
that, early on, there is reasonable overlap for the three solutions in regime 1.  
However, the point at which this regime transitions into regime 3 is shifted further to 
the right with increasing XGKT concentration.  
 
Figure 3.3-3: A log-log plot of a 19 cm diameter tank with a 1:1 aspect ratio (DT = HT) agitated by a 
downward-facing recirculating jet of 6 mm diameter placed at half liquid height, pumping at a nozzle 
velocity of 0.81 m/s for 0.3, 0.4 and 0.5 wt% XGKT solution. 
Figure 3.3-4 (a) exclusively shows the data for regime 2 for the three solutions. It can 
be seen that the rate at which inactive volume is decaying in this regime decreases 
with increasing XGKT concentration. Interestingly over this range of solutions, the 
rate decreases by a decreasing amount with increasing XGKT concentration, such 
that Slope0.3wt%/ Slope0.4wt%=1.86 while Slope0.4wt%/ Slope0.5wt%=1.67. The other key 
feature of the isolated Regime 2 data points is the shift in Nt*, which is delayed with 
increasing viscosity (Nt*0.3wt%=16.1; Nt*0.4wt%=23.9) such that Nt*0.5wt% is not even 
seen over this time span, and as Figure 3.3-3 illustrates, is not seen even if the time 
span is doubled.  Figure 3.3-4 (b) shows the isolated data points for regime 3 for the 
 37 
 
0.3 and 0.4 wt% solutions. The graph reveals that the two curves are very similar, 
almost parallel, while the major difference is their starting points. With this in mind, 
coupled with the two observations drawn from Figure 3.3-4 (a), it is reasonable to 
say that it is regime 2 that is most effected by rheology, and as this is the regime 
where the majority of the mixing takes place, the rheology of the solution is of great 
importance to overall mixing performance.  
 
 
 
 
Figure 3.3-4: (a) A close up of the regime 2 trends seen in Figure 3.3-3. (b) A close up of the regime 3 
trends seen in Figure 3.3-3 
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3.3.3 Effect of injection velocity on the regimes 
The effect of specific power input on mixing in the recirculation of the same fluid can 
be seen in Figure 3.3-5. The range of specific power inputs used falls outside both 
the upper and lower limits of those suggested by the US EPA (3.5-8W/m3)(1987) for 
mixing in anaerobic digesters and is an order of magnitude apart from each other. 
The jet nozzle velocity, vj, for the power inputs of 0.18, 1.4 and 11 W/m3 are 0.41, 
0.81 and 1.6 m/s, respectively.   
 
 
Figure 3.3-5: A log-log Nt vs. Vi/VT for a 19cm diameter tank containing 0.3 wt% XGKT solution with a 1:1 
aspect ratio (DT = HT) agitated by a downward-facing recirculating jet of 6 mm diameter, placed at half 
liquid height, pumping at a nozzle velocities of 0.41, 0.81, 1.6 m/s, respectively 
The curves of both 1.4 and 11 W/m3 can be seen to follow the same basic regime 
outlines in Figure 3.3-5. The two curves seem to follow a very similar slope in Region 
2, further strengthening the case that this region is heavily dependent on rheology. 
Nt* shifts to the left when increasing the power input from 1.41 W/m3 to 11 W/m3, 
from 16.2 to 13. However, it is unlikely that a small shift in Nt* is enough to warrant a 
near ten fold increase in power input.  
While all three curves collapse into a similar slope in Regime 3, P/VT = 0.18 W/m3 
remains somewhat of an anomaly. The Nt* value for this run, at 10.0, is lower than 
that of the two higher power inputs, deviating from the trend explained above. This 
could be in part due to the limitations of the normalised time scale of Nt, or number of 
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turnovers for low flow-rates, as the time taken in terms of minutes, is far greater for a 
vessel mixing at P/VT = 0.18 W/m3 to reach Nt = 10.0 and it is around 4 times as 
great as it would take a vessel mixing at P/VT = 11.3 W/m3 to reach Nt = 10.0.  
The way in which the three curves collapses in Figure 3.3-5 reveals the 
shortcomings of Nt as a time scale. In order to further understand the effects of jet 
velocity on mixing performance, a new dimensionless timescale needs to be 
developed. Considering that Vi/VT is a function of the process time, t, jet velocity, vj, 
the effective viscosity of the fluid at the boundary of the active region, η (Pa.s), and 
the fluid density, ρ, the following equation can be written 
𝑉𝑖
𝑉𝑇
= 𝑓(𝑡, 𝑣𝑗 , 𝜂,𝜌)                    (3.3-1) 
Since it is difficult to estimate η at the boundary of the active region, it is proposed 
that the effective diffusivity of the acid tracer, κ (m2/s) be used as a parameter, given 
that it is a function of the η and ρ such that 
𝜅 = 𝜓(𝜂,𝜌)                     (3.3-2) 
Considering that κ will be only used for comparing specific power inputs for a specific 
concentration of the XGKT in this study, it can be taken as a constant and equal to 1 
m2/s. Carrying out non-dimensional analysis on equation (3.3-1) reveals that Vi/VT is 
proportional to the new dimensionless group as follows: 
𝑉𝑖
𝑉𝑇
∝
𝑣𝑗
2𝑡
𝜅
                   (3.3-3) 
The results of applying the new timescale to the 0.3 wt% XGKT data can be seen in 
Figure 3.3-6. It can be seen that the three regimes are conserved over this 
timescale; however, there is greater differentiation between the curves. At low values 
of vj2t/κ the curves collapse on to one another. However, the curves that represent 
higher values of vj begin to deviate from the exponential line of vj = 0.41 m/s around 
midway into regime 2. The reason that the increased injection velocity leads to 
greater deviation from the optimal performance line (the line for vj = 0.41 m/s in this 
case) is a direct result of a physical phenomenon that will be explored in later 
chapters. The remainder of this chapter will focus on developing a model describing 
the phenomena of regime 1 & 3. 
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Figure 3.3-6: Log-log plot of a Vi/VT against the newly developed timescale vj2t/κ for 0.3% XGKT solution 
at three different jet velocities 0.41, 0.81 and 1.6 m/s. 
3.3.4 Advection-diffusion models 
3.3.4.1 Unbounded advection-diffusion 
As discussed above, the expansion of the active cavern in regime 1 is largely 
unhindered by the geometry of the vessel. Looking at this phenomenon through the 
lens of advection-diffusion, one can consider the expansion of the active cavern as 
being synonymous with the diffusion of the acid in an unbound geometry. A partial 
differential equation describing this phenomenon in one dimension can be seen 
below: 
𝜕𝑐
𝜕𝑡
+ 𝜕𝑣𝑐
𝜕𝑥
= 𝜅 𝜕2𝑐
𝜕𝑥2
                   (3.3-4) 
where c is the concentration of the acid, t (s) is the process time, v (m/s) is the 
velocity at the cavern boundary, and x is the distance from the injection of the acid 
(m). 
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There is a well-known solution for this equation that solves for c in terms of x and t, 
adapted from Fisher (1979). 
  𝑐(𝑥, 𝑡) =  𝑀
𝐴√4𝜋𝜅𝑡
exp �− �(𝑥−𝑣𝑡)2
4𝜅𝑡
��                 (3.3-5) 
Where M is the mass of the acid injected, and A is the cross-sectional area over 
which one-dimensional diffusion is taking place. As concentration is defined as mass 
over volume, an equation describing the volume evolving with time V(t) can be 
written as such: 
  𝑉(𝑡) =  √4𝜋𝜅𝑡 exp �(𝑥−𝑣𝑡)2
4𝜅𝑡
�                  (3.3-6) 
Considering advection-diffusion is limited and to consider it in three dimensions, it 
becomes necessary to bring in a new length scale, r (m), the radius of the cavern. If 
we consider expansion is symmetrical over this region, then r is equal in all 
directions such that  𝑟 = �𝑥2 + 𝑦2 + 𝑧2 . In three dimensions, concentration can be 
thought of as a function of r and t 
 𝑐(𝑟, 𝑡) =  𝑀
4𝜋𝑡√4𝜋𝑡𝜅3
exp �− �(𝑟−𝑣𝑡)2
4𝜅𝑡
��                 (3.3-7) 
Transposing for volume as a function of time gives: 
𝑉(𝑡) =  4𝜋𝑡√4𝜋𝑡𝜅3 exp �(𝑟−𝑣𝑡)2
4𝜅𝑡
�                  (3.3-8) 
For practical applications, we must take into account the following considerations 
𝑉𝑎(𝑡) =  𝑉0 + 𝑉(𝑡)                   (3.3-9) 
where V0 is the acid volume at t = 0 (i.e. the volume of acid injected) and Va(t) is the 
total active volume over time. As t increases, V0 becomes negligible, such that 
Va(t)=V(t). Given that, 
𝑟 =  𝜙�𝑣𝑗�                    (3.3-10) 
r is a function of vj (jet velocity, m/s), and as such it becomes necessary to remove 
the velocity component from r in equation 3.3-8. In addition to this, it is difficult to 
know the velocity at the cavern boundary. But if we consider it to be proportional to 
the nozzle velocity, vj such that 
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𝑣 =  𝑓�𝑣𝑗�                  (3.3-11) 
where f is a proportionality constant that in this case is kept constant and used as a 
fitting parameter. With these three conditions in mind, it is possible to substitute 
equation (3.3-11) into the three-dimensional advection-diffusion equation (equation 
3.3-8) seen above to get a practical form that can fit experimental data for 
unbounded advection-diffusion as 
𝑉𝑎(𝑡) =  4𝜋𝑡√4𝜋𝑡𝜅3 exp �𝑓2�𝑟/𝑓−𝑣𝑗𝑡�24𝜅𝑡 �               (3.3-12) 
3.3.4.2 Bounded advection-diffusion 
The effects of the vessel geometry begin to play a role in regime 2. Therefore, it is 
necessary to develop an equation that describes advection-diffusion in a bounded 
domain. Fisher (1979) solved the bounded problem by considering a point source x0 
at distance L (m) from a no-flux boundary, in this case, the vessel walls, as 
demonstrated in Figure 3.3-7. A standard solution allows diffusion to occur beyond 
the boundary, as represented by the dotted line. To make up for the loss of mass, an 
imaginary, or image source is placed at equidistantly on the opposite side of the 
boundary, such that it leaks the exact amount of mass lost back into the vessel.  
 
Figure 3.3-7: A schematic of a no-flux boundary with a real point and an image source both at distance L 
(m) from the boundary. The dotted lines represent the individual contributions from each source. The 
solid line indicates the combined solution (Fisher, 1979) 
Superimposing the two solutions for the real source and the image source, gives the 
following equation for the total amount of diffusion in three dimensions: 
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𝑉𝑎(𝑡) = 4𝜋𝑡√4𝜋𝑡𝜅3 ∑
⎣
⎢
⎢
⎢
⎢
⎡ 𝑒𝑥𝑝 �𝑓2 �𝑟 𝑓� − 𝑣𝑡 −
4𝑛𝐿
𝑓� �
2 4𝜅𝑡� �−1
−𝑒𝑥𝑝�𝑓2 �𝑟 𝑓� − 𝑣𝑡 −
(4𝑛 − 2)𝐿
𝑓� �
2 4𝜅𝑡� �−1
⎦
⎥
⎥
⎥
⎥
⎤
𝑛
−𝑛  (3.3-13) 
where n is the number of image sources that are considered, given that there are no-
flux boundaries in all directions, the number of images is theoretically unlimited but 
restricted to two for this modelling considering the tank walls in the two dimensional 
plane of interest. The proportionality constant f used here is a fitting parameter which 
is different from the one used for unbounded convection as the presence of solid 
walls will have an effect of the velocity at the cavern boundary. 
3.3.4.3 Validation of the models 
Figure 3.3-8 shows experimental data from the evolution of active volume in a 1:1 
tank containing 0.3 wt% XGKT solution agitated by a 6 mm downward-facing nozzle, 
pumping at vj = 0.81 m/s. It was able to fit the infinite, unbounded advection-diffusion 
equation to this data for small values of t, because of the regime 1, where the active 
volume evolution occurs, largely unencumbered by vessel geometry. The data 
deviates from this equation from where the walls begin to play a role. 
The equation for bounded advection-diffusion can be fitted to data points at high 
values of t (regime 3). This is thought to be due to the fact that only at later points in 
the mixing process, the vessel walls play an equal role in all directions on the 
expansion of cavern volume. Regime 2 seems to be dominated by the anisotropic 
expansion that can be represented by a transition between unbounded and bounded 
advection-diffusion. More work is still required to understand the nature of this 
anisotropy. More work still needs to be carried out to fit these solutions to other 
conditions to obtain some degree of universality. 
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Figure 3.3-8: Va vs. t plot for experimental data from the evolution of active volume in a 1:1 tank 
containing 0.3 wt% XGKT agitated by a 6mm downward-facing nozzle, pumping at vj = 0.81 m/s.  Infinite, 
unbounded advection-diffusion equation fitted to data at small values of t. Bounded advection-diffusion 
equation fit to data at large value of t. 
 
 
3.4 Conclusions 
This chapter has seen the use of a flow visualisation technique with a transparent 
sludge simulant to emulate the mixing environment of an anaerobic digester on a 
laboratory scale in order to isolate the hydrodynamic behaviour of sludge simulant 
agitated by submerged recirculating jets. The first major finding was that, when 
plotting the decay of inactive volume (Vi/VT ) against the dimensionless timescale 
(Nt), three distinct trends are revealed, each with different rates of decay, associated 
with different physical phenomena. Regime 1 is when the active volume begins to 
form, largely unencumbered by vessel geometry and governed by unbounded 
advection-diffusion. Regime 3 is associated with the breakdown of the well-ordered 
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shape of the active region seen in regime 2, where vessel geometry plays a large 
role. It has been shown that fluid rheology and jet velocity have little impact on the 
slope of regime 3. It has also been shown that experimental data for regime 3 fits a 
bounded advection-diffusion model. 
It is for the above reasons that regime 2 can be thought of as the rate-determining 
step. The rate and the length of regime 2 is heavily dependent on fluid rheology, 
while increased velocity has a detrimental effect on mixing performance as the data 
deviates from the exponential line of the vj= 0.41 m/s data in regime 2. This suggests 
regime 2 is also heavily dependent on jet velocity in addition to fluid rheology. 
Regime 2 data does not conform to either bounded or unbounded advection-
diffusion. This reveals the shortcomings of the flow visualisation technique and an 
analysis based of a 2D slice of the mixing environment. In order to more completely 
understand why regime 2 is the rate-determining step in mixing, the mixing 
environment must be studied with a full 3D analysis.      
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Chapter 4 An Electrical Resistance Tomography Study of Jet Mixing performance  
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4 An Electrical Resistance Tomography Study of Mixing performance 
4.1 Introduction 
Chapter 3 employed a flow visualisation technique to study the effects that fluid 
rheology and jet velocity have on the mixing performance of a sludge simulant when 
agitated with submerged recirculating jets. Of the three distinct mixing regimes, 
regime 2 was the regime most affected by jet velocity and fluid rheology, such that 
the 0.5 wt% XGKT solution did not even transition into the regime 3 over the 
observed time. To fully understand the hydrodynamics at play in regime 2, it’s 
necessary to study the mixing environment in three dimensions. However, a 
limitation of the standard flow visualisation techniques is that three-dimensional 
information is typically difficult to obtain. With the advent of modern computers, 
however, tomographic techniques have filled this gap. Tomographic techniques are 
non-invasive imaging techniques and are useful because they allow an operator to 
obtain spatio-temporal information in three dimensions. Therefore, this chapter 
employs the use of electrical resistance tomography (ERT) to track the spread of a 
conductive tracer front when a viscoelastic liquid in the vessel is agitated by a liquid 
jet drawn from the same body of liquid.  
The use of ERT in chemical engineering research is not uncommon. A review of the 
applications of ERT can be obtained in Sharifi and Young (2013).  An early example 
of the technique being used to study mixing can be found in McKee et al. (1995) who 
used it in conjunction with positron emission tomography (PET) to study both the 
blend time in liquid-liquid mixing and solid-liquid concentration profiles. Mann and 
others (1997b) later built on this early study to develop mixing models for 
mechanically stirred vessels using ERT for liquid-liquid mixing and liquid-gas mixing 
that could be developed into commercially available software used today. In recent 
years, ERT has been used to study non-Newtonian fluids (Pakzad et al., 2008) 
where conductivity measurements with a saline tracer were used to study cavern 
formation in mechanically agitated vessels containing xanthan gum at varying 
concentrations. The liquids used in the study were pseudoplastic in nature with the 
viscosity decreasing with increasing shear rate. They also had a small but finite yield 
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stress. The results demonstrated that the tracers were restricted to a cylindrical 
volume (cavern) concentric with the impeller and far from the bounding walls of the 
vessel and were in good agreement with Elson’s (1986) cylindrical model for a 
steady state cavern. Hui et al. (2009) used conductive tracer particles made of 
aluminium foil for studying cavern formation in opaque pulp suspensions possessing 
non-Newtonian rheology and a yield stress. Several other examples of the 
application of ERT to study mixing are documented in literature and Table 4.1-1 
provides a partial summary of these studies and the techniques that they have used 
to verify ERT data.   
This chapter investigates the propagation of a tracer field in all three directions as a 
result of agitation by submerged recirculating jets in viscoelastic fluids with and 
without a measurable yield stress. It’s not the intended purpose of this chapter to 
debate the existence of yield stress as a concept, or how to measure it. The 
reference to yield stress herein is in keeping with current discussion in the context of 
existing ideas on how caverns form in agitated vessels. As mentioned above, yield 
stress has been a successful concept for explaining many of the observations 
available in the literature. It’s also worth mentioning that this is the first study of its 
kind to employ ERT to investigate jet recirculation mixing. It is, therefore, necessary 
to develop a robust methodology to determine threshold conductivity, the size of the 
active volume, and the verification of the ERT technique against the flow 
visualisation data seen in Chapter 3.  
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Table 4.1-1: A summary of the verification techniques used in conjunction with ERT found in the 
literature. 
Verification techniques Studies 
CFD Mann et al. (1997a) 
Stanley et al. (2002) 
Ricard et al. (2005) 
Stanley et al. (2005) 
Pakzad et al. (2008) 
Rodgers et al. (2011) 
Bhole et al. (2011) 
Rodgers et al. (2011) 
Harrison et al. (2012) 
Patel et al. (2014) 
Positron Emission Particle Tracking 
(PEPT) 
Edwards et al. (2009) 
Simmons et al. (2009) 
Flow visualisation Simmons et al. (2009) 
 
4.2 Methodology 
4.2.1 Rheological characterisation 
The working fluids used in this chapter are 0.3 and 0.5 wt% XGKT solutions as these 
two solutions presented the most confounding results in Chapter 3. The solutions 
were prepared in-situ inside the mixing vessel by blending xanthan gum powder and 
de-ionised water mechanically and allowed to sit for 24 hours for air bubbles to 
dissipate. These liquids are transparent viscoelastic liquids. Optically clear liquids 
are required for comparing the ERT results with flow visualisation data. The 
rheological characteristics of the liquids were measured using the HR3 discovery 
rheometer (TA Instruments, USA) using a cone and plate geometry using a 60 mm 
diameter 2° cone and at ambient condition (20°C). Both small amplitude oscillatory 
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shear flow and steady shear flow experiments were conducted to characterise the 
liquids.  
4.2.2 Flow cell setup 
The flow cell consisted of a cylindrical tank of 20 cm and 19 cm diameter for ERT 
and flow visualisation experiments respectively. The height of the fluid was 20 cm 
and 19 cm in the ERT and flow visualisation tanks, respectively equating to a 1:1 
aspect ratio. For flow visualisation experiments, the cylindrical tank was placed 
inside an external cubical tank with the intervening volume filled with water to 
prevent optical distortion. For ERT experiments, a stand-alone tank was used. It was 
equipped with four electrode planes placed 4.8 cm apart from one another, with the 
lowest plane placed 4.1 cm from the base of the tank making a chamber of 
observation with a height of 14.4 cm. The experiments were conducted at a single 
injection liquid velocity of 0.81 m/s (vj = 0.81 m/s) while varying the liquid 
compositions. A basic schematic of the mixing setup can be seen in Figure 3.2-2(c) 
but essentially it consisted of a downward-facing 6 mm jet nozzle at the centre of the 
tank, with a discharge point at half liquid height, effectively placing it between the 
second and third sensor planes in ERT experiments. Placed at an equal height at the 
side of the tank wall was the suction nozzle, which drew fluid out of the tank through 
a peristaltic pump (Masterflex® L/S®, Cole-Parmer, USA) at a rate of 1.38 L/min 
(nozzle velocity, vj = 0.81 m/s) and recirculated back into the vessel through the 
injection nozzle. 
4.2.3 Flow visualisation experiments  
The methodology of how flow visualisation experiments were performed is described 
in greater detail in Chapter 3, the main difference in how the data is utilised in this 
chapter is that there is no longer the working assumption of azimuthal symmetry, and 
only the data in the 2D illuminated plane is analysed to verify the ERT data from the 
equivalent plane. 
Figure 4.2-1 shows the schematic of the flow visualisation setup.  For the purpose of 
comparison with ERT experiments, only a section of the illuminated plane was 
chosen for obtaining results. The height of the section used for flow visualisation 
measurement was proportionally equivalent to the height of the mixing chamber 
measured in the ERT experiments (HP =13.7 cm). The active area, Aa is defined as 
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the area where the tracer is present. It was measured from the video images using 
ImageJ® software. The inactive area Ai was then determined by subtracting Aa from 
the total area of the plane of interest, Ap. The following equation shows the 
calculation of percentage inactive area using Aa and Ap. 
𝐴𝑝−𝐴𝑎
𝐴𝑝
× 100 = 𝐴𝑖
𝐴𝑝
(%)            (4.2-1) 
The decay of inactive area in the plane of interest can then be plotted over the 
dimensionless time scale Nt. 
 
Figure 4.2-1: Schematic of the flow visualisation tank. A 19 cm cylindrical tank was situated inside a 
larger square tank, and the intervening space was filled with water to minimise the optically distorting 
effects of a curved surface for visualisation purposes. A plane of light was illuminated through the centre 
of the tank using two spotlights. For the purpose of comparison with ERT experiments, only a section of 
the illuminated plane with a height equal to the height of the mixing volume in the ERT tank was used for 
measurements. This equates to a plane height, Hp, of 13.7 cm. X marks the point of injection for the acid 
tracer. 
4.2.4 Electrical resistance tomography 
Figure 4.2-2 shows a schematic of the ERT tank used for this study. The instrument 
was supplied by Industrial Tomography Systems (ITS, Manchester, UK). The ERT 
system is comprised of three components, a sensor system, a data acquisition 
X 
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system (DAS) and a PC with the control and data processing software. The 
arrangement used in this study includes a circular vessel fitted with a ring of 16 
stainless steel electrodes. The DAS injects an AC current between an adjacent 
electrode pair, which permeates the medium in the vessel, and the resulting voltage 
is measured between all other electrode pairs. The injection current then shifts to the 
next electrode pair and this operation is repeated around the electrode ring until the 
initial pair is reached again. This constitutes a single measurement frame, and the 
time taken for it is typically in the order of seconds. The DAS is then able to map the 
conductivity distribution throughout the plane, using 316 individual conductivity 
measurements from the 16 electrodes, corresponding to the spatial ordinates in the 
electrode plane. The DAS is connected to the image recreation software on a PC, 
which can provide information on the distribution of conductivity on the plane. As 
mentioned above, the sensor system consists of 4 tomographic sensor planes. The 
rectangular electrodes are 5 mm by 20 mm with a thickness of 1 mm. The planes are 
placed 4.8 cm apart from one another, with the lowest plane placed 4.1 cm from the 
base of the tank. Taking H = 0 for the tank floor, Plane 4 (P4) is at H = 4.1 cm, Plane 
3 (P3) is at H = 8.9 cm, Plane 2 (P2) is at H = 13.7 cm and Plane 1 (P1) is at H = 
18.5 cm. Information on the propagation of the tracer front is available only in the 
volume bounded by the planes of the measuring electrodes that equates to a 
cylindrical mixing chamber with 14.4 cm in height and 20 cm in diameter. As there 
are 4 tomographic sensor planes, there are 1264 individual conductivity readings 
available for each time unit (n = 316 x 4 = 1264). The DAS is connected to a PC with 
ITS System p2+ v7.3 software (ITS, Manchester, UK), which performs the functions 
of control, image reconstruction, and data collection. Given that a single tomographic 
frame consists of 316 individual conductivity measurements, each approximately 
covering 1 cm2, this equates to a spatial resolution of 5% of the tank diameter. This 
is an acceptable level for this study as this is currently the state of the art as 
specified by the equipment manufacturers. The injection current and frequency were 
set to 17 mA and 9600 Hz respectively for all experiments. 
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Figure 4.2-2: Schematic of the ERT rig in the lab, consisting of a tank (DT = 20 cm) fitted with four sensor 
planes spaced 4.8 cm apart, connected to a PC with image recreation software via the DAS. The observed 
volume in the tank is from Plane 4 (P4, at H = 4.1 cm) to Plane 1 (P1 at H =18.5m), 14.4 cm in total height. 
The experiments were conducted using a NaCl tracer. 1 g of NaCl was dissolved in 
the 40 ml of the working solution, and the tracer was injected at the point near the tip 
of the nozzle, identical to the injection point of the acid in the flow visualization 
experiments, at time t = 0. The reference conductivity (Cref, mS/cm) was set to 1 
mS/cm before injecting the tracer by using the software’s ‘reference frame’ function, 
taken in-situ, with the jet and suction nozzles present in the tank. Every subsequent 
individual conductivity measurement at time t, Ci(t) (mS/cm) is normalized with the 
reference conductivity, and each reading is denoted by unitless σi such that.  
𝜎𝑖 = 𝐶𝑖(𝑡)/𝐶𝑟𝑒𝑓                   (4.2-2) 
where i = 1 to 1264 for individual conductivity readings. The evolution of high 
conductivity regions over time corresponds to the dispersion of NaCl which increases 
the conductivity of the bulk solution. As before, the region over which the tracer is 
present is defined as the active region. The system is dominated by convection, and 
diffusion does not play a role within the time scale of the experiment. The 
conductivity at the boundary of the tracer front is taken as the unitless threshold 
conductivity, σ* below which no salt can be present. One way to calculate σ* is to 
allow it to be proportional to the conductivity of the liquid when NaCl is completely 
dispersed in the liquid. 
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𝑚𝑁𝑎𝐶𝑙
𝑉𝑇
= 𝑐 ∝ 𝜎∗                  (4.2-3) 
where mNaCl is the mass of NaCl (g), VT  (L) is the total volume of liquid in the tank, 
and c is the final concentration of NaCl in the solution (g/L). The salt tracer is unlikely 
to have any effect on the rheological behaviour of the bulk solution. At the point of 
injection the tracer is 2.5 wt% NaCl, and at the point of homogeneity the bulk solution 
is less than 0.02 wt%. 
The value of σ* was measured at the end of the experiment after the contents of the 
tank were mechanically agitated at high shear rates to ensure uniform distribution of 
the NaCl, at time t = t*, once again, in-situ, with the nozzles in place. This value was 
then used to analyse the measurements made for all previous time points 0 < t < t* 
to obtain the information on how the boundary of the active region spreads with time 
in three dimensions. This is similar to the previous approaches documented in the 
literature (Stanley et al., 2002, Stanley et al., 2005), where an initial reference frame 
and a final well-mixed frame were used to process the intervening frames. This 
technique eliminates the need for external conductivity measurements for 
establishing a threshold for ERT. Table 4.2-1 shows the σ* value used for each fluid 
used in this study.  
Table 4.2-1: Summary of threshold conductivities used in demarcating the active and inactive mixing 
regions in the agitation of xanthan gum solutions. 
Concentration of xanthan gum solution 
(wt %) 
σ* 
0.3 1.265 
0.5 1.308 
 
In determining the volume of the active region, due to the very nature of jet 
recirculation mixing, it would be insufficient to fall upon the assumptions made in 
literature that a symmetrical cavern would form. The shape that the active region 
takes at any one time in three-dimensional space is not any basic geometric shape 
whose volume can be calculated through a characteristic dimension like diameter or 
height. To estimate the active volume, therefore, the 2D active area obtained from 
each electrode plane was plotted as a function of height. A polynomial was fit to this 
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plot, which was then integrated along the height of the mixing chamber to give the 
volume of the active region using the following integral. 
𝑉𝑎 = ∫ 𝐴𝑎�𝐻𝑝�𝑑𝐻𝐻𝑎4.1                   (4.2-4) 
where Va (m3) is the active volume, Ha is the height of the active region (m), Aa is the 
active area (m2), and Hp is the height of the measurement plane (0.144 m). The 
calculated values of Va or Vi are then plotted against Nt. In keeping with the results 
seen in Chapter 3, the decay of the inactive volume Vi was plotted as a percentage 
of the cylindrical chamber volume (Vi/V) against the dimensionless time scale Nt 
𝑉𝑖
𝑉
(%) = 𝑉−𝑉𝑎
𝑉
× 100                  (4.2-5) 
where Vi is inactive volume (m3) and V is the cylindrical chamber volume (m3). 
Experiments carried out in triplicate have shown that error was within 5%. Given the 
amount of human judgement inherent in the results, error bars would reveal very 
little. 
4.3 Results and discussion 
4.3.1 Rheological measurements 
To properly understand the role that rheology plays in hydrodynamics, it is important 
that the examine rheology in greater depth than what is reported in Chapter 3. The 
linear viscoelastic characterisations for the liquids used are shown in Figure 4.3-1. In 
Figure 4.3-1(a), the filled symbols represent the elastic (storage) modulus, and the 
unfilled symbols represent the viscous (loss) modulus. The up-triangles represent 
the 0.3 wt% XGKT solution. It can be noted that for the 0.3 wt% XGKT solution, the 
storage modulus and the loss modulus cross at low frequencies indicating that the 
liquid possesses a finite relaxation time that can be estimated as the inverse of the 
frequency at which the moduli cross. The measurements show that the relaxation 
time (λ) for 0.3 wt% XGKT solution is λ 0.3wt%XGKT = 6 s. Also shown in the figure are 
the measurements for the 0.5 wt% XGKT solution (circular symbols). It can be 
observed that while for the 0.3 wt% XGKT solution the elastic modulus gradually 
increased with frequency, it is virtually independent of frequency over the same 
range for the 0.5 wt% XGKT solution. The elastic modulus for the 0.5 wt% XGKT 
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solution is also much larger than its loss modulus, which decreases with increasing 
frequency. This liquid, therefore, has a gel like character, with the elastic modulus 
more than two orders of magnitude larger than those of the 0.3 wt% XGKT solution. 
The frequency at which the moduli cross was not measurable in these experiments 
for the 0.5 wt% XGKT solution due to inadequate instrument sensitivity at low 
frequencies. It is, however, clear from the data that the cross-over, if any, would 
occur at a much lower frequency compared to that of 0.3 wt% XGKT solution 
indicating that the relaxation time will be much larger than that observed for the 0.3 
wt%  XGKT solution. 
The measurements documented in Figure 4.3-1(a) quantify the near-equilibrium 
behaviour. Far from equilibrium, as in shear flow conditions, the viscosity decreases 
with increasing shear rate. This behaviour is shown in Figure 4.3-1(b) where the 
stress is plotted as a function of the shear rate for the solutions. It can be observed 
from Figure 4.3-1(b) that while for the 0.3 wt% XGKT solution the stress increases 
gradually with increase in the applied shear rate, for the 0.5 wt% XGKT solution the 
shear stress shows a nearly instantaneous increase that spans almost 2 orders of 
magnitude, after which point it increases with shear rate in a power-law fashion. The 
sharp increase in shear stress seen in the 0.5 wt% XGKT solution is not evident in 
the 0.3 wt% XGKT solution. The 0.3 wt% XGKT solution does not have a yield stress 
(𝜏𝑌 ≈ 0), thus the model becomes 𝜏 = 1.29?̇?0.382. Fitting the Herschel-Bulkley model 
to the lower ?̇? values of the 0.5 wt% XGKT solution data gives a small but 
measurable yield stress, which is measured as 5.5 Pa with an R2 value of 0.991 thus 
the model becomes 𝜏 = 5.5 + 0.7?̇?0.46. The presence of a measurable yield stress 
has previously been shown by Elson et al. (1986), to localise the tracer to a “cavern” 
in vessels that are agitated by an impeller. However, given the differences between 
the mixing techniques mentioned above, it is unclear if such localisation is the 
reason for the low rate of decay of inactive volume in regime 2 and lack of transition 
to regime 3 in the 0.5 wt% XGKT data in chapter 3. As stated in chapter 3, 
measuring local shear rates with the vessel is difficult, however given that the 
rheological behaviour observed in Figure 4.3-1 (b) is consistent over four orders of 
magnitude of shear rate, it can be assumed that the shear rates in the vessel fall 
between these limits, and thus the rheological relationship described is valid. 
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Figure 4.3-1: (a) The linear viscoelastic response of the liquids used in this study. Closed triangles show 
the elastic modulus (G’) for 0.3 wt% XGKT solution, open triangles show the viscous modulus (G”) for 0.3 
wt% XGKT solution. Closed circles show G’ for 0.5 wt% XGKT solution; open circles show G” for 0.5 wt% 
XGKT solution. The pronounced difference between G’ and G” for the 0.5 wt% XGKT solution indicate its 
gel-like properties. (b) Rheological response in steady shear flow for 0.3 wt% XGKT (open circles) and 
0.5wt% (closed circles) solutions. The curve shows the fit of the Herschel-Bulkley model to the data 
(R2=0.991). 
4.3.2 Determination of active mixing region 
In Figure 4.3-2 (a), the basic output obtained using the ITS image reconstruction 
software is shown for 0.3 wt% XGKT solution agitated at a nozzle velocity, vj, of 0.81 
m/s at t = 10 min. The figure shows the conductivity distribution profile of the four 
tomographic sensor planes where P1 is the uppermost plane and P4 is the lowest 
plane. The software measures the highest and lowest conductivity readings of a 
frame and fits a 64 colour spectrum in the range to illustrate the conductivity 
distribution. Since the interest of this work is the interface between the highly 
conductive (tracer-rich) active region and the inactive region where the tracer is not 
present, the thresholding method described above was used to convert the 
measurements into a binary figure. Figure 4.3-2 (b) shows the same data as Figure 
4.3-2 (a) but represented on a 2 colour spectrum separated by the threshold 
conductivity value of σ* = 1.308. The red area corresponds to conductivity readings 
above the threshold indicating the region where the salt tracer is present. The blue 
area corresponds to the inactive mixing region, the area where conductivity readings 
are low enough to be regarded as not having the salt tracer present. 
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Figure 4.3-2: An example of the four tomograms obtained each sensor plane for 0.3 wt% XGKT solution 
agitated at a nozzle velocity, vj, of 0.81 m/s at t = 10 min, (a) with no threshold conductivity applied, (b) 
with the appropriate threshold conductivity applied, where the red region is the active mixing region (σ > 
σ *) and the blue region is the inactive region (σ < σ *). The tracer was injected at the centre of the tank, in 
between planes 2 and 3. 
4.3.3 Comparison with flow visualisation 
In order to validate the approach, a vertical slice along the mid plane of the vessel 
was constructed (Figure 4.3-3). The measurements available from the four horizontal 
sections associated with each sensor plane at this vertical slice were used to 
construct a 2D spectrum, which is compared with results from flow visualization 
(b) 
(a) 
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experiments. Figure 4.3-3(a) shows a schematic of the flow visualization setup and 
the illuminated plane of interest with an aspect ratio that is equal to that of the mixing 
area observed between the sensor planes in the ERT setup. It also shows a sample 
image obtained from the flow visualization experiment at t = 10 min. Figure 4.3-3(b) 
shows a schematic of the ERT tank and the various points along the height of the 
vessel where the sensor planes are positioned, and thus the tomograms are 
obtained from. It also shows a sample tomogram obtained at t = 10 min. A 2D 
vertical slice that corresponds to the mid plane of the vessel can be generated using 
Slicer-Dicer software (PIXOTEC, USA), which is shown in the right Figure 4.3-3(b). 
The Slicer-Dicer image does not give adequate spatial resolution to work out the 
active area in this vertical slice. Therefore, the width of the active area (Wa) in the 
vertical slice was measured from tomograms of each sensor planes, then integrated 
along the height of the plane as follows to obtain the active area.  
𝐴𝑎 = ∫ 𝑊𝑎�𝐻𝑝�𝑑𝐻𝐻𝑎4.1                   (4.3-1) 
The inactive area Ai  (= Ap – Ai) as a percentage of the total plane area Ap can be 
then found and plotted against Nt as shown in Figure 4.3-4. 
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Figure 4.3-3: (a) Shows a schematic of the flow visualization setup and the illuminated plane of interest 
with an aspect ratio that is equal to that of the mixing area observed between the sensor planes in the 
ERT setup. It also shows a sample image obtained from the experiments at t = 10 mins. (b) Shows a 
schematic of the ERT tank and the various points along the height of the vessel where the sensor planes 
are positioned, and thus the tomograms are taken from. It also shows a sample from the tomograms 
obtained at t =10 mins. X indicates the injection point of the tracer. 
The difference in the shape of the two images seen in Figure 4.3-3 can be attributed 
to the reconstruction algorithms used by the software. The interpolation that has 
been used in ITS reconstruction software converting the information from four ERT 
horizontal sensor planes into a vertical slice somewhat compromises the accuracy. 
The difference in the shapes should not be attributed to the different phenomena 
taking place during acid-base neutralisation and salt tracer diffusion. The driving 
force behind the propagation of the tracer front in both cases is due to the energy 
input from the jets. These discrepancies are not to be ignored, which are common in 
the early stages of mixing as shown in Figure 4.3-4. However Figure 4.3-4 shows 
X 
X 
 61 
 
that a qualitative agreement between the results from the two techniques can be 
achieved at the later stages of mixing, including the latter stages of regime 2, which 
was not able to be fully explained in the analysis in Chapter 3 and is therefore of 
much importance in this chapter. 
 
Figure 4.3-4: A log-log plot of Ai/Ap vs. Nt that compares the ERT data (closed symbols) with flow 
visualisation results (open symbols) for 0.3 wt% XGKT solution at an injection velocity (vj) of 0.81 m/s  
4.3.4 ERT investigation of different fluids. 
As mentioned above, an advantage of ERT is that conductivity information is 
available in all three directions. Using Slicer-Dicer software to analyse the 
conductivity data from four sensor planes, a three-dimensional image of the mixing 
chamber can be recreated as shown in Figure 4.3-5. The images shown in the top 
row of the figure shows the 3D cut-out of the mixing chamber from which both the 
inactive and active regions can be seen at 1, 10 and 60 minutes for the 0.3 wt% 
XGKT solution. The bottom row shows the isolated images of the active mixing 
region at the same process times, which were also obtained using Slicer-Dicer 
software. The minimum value at the H-axis in the images shown in both top and 
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bottom rows is 4.1 cm because the lowest ERT sensor plane is 4.1 cm above the 
base of the tank. It is important to note that the majority of mixing in the early stages 
occurs below the lowest ERT sensor plane for a downward-facing nozzle. When 
investigating the evolution of active volume in a qualitative sense, such as this, the 
effect of suction becomes very apparent.  The location of the suction nozzle opening 
on the graph coordinates in Figure 4.3-5 is x = 10 cm, y = 20 cm, H = 10 cm. 
Therefore, it can be seen that the spread of the active volume is skewed towards the 
suction nozzle location rather than being distributed symmetrically around the 
injection nozzle, whose location on the graph coordinates is given by the coordinates 
x = 10 cm, y = 10 cm, H = 10 cm. It can also be observed that there is a pronounced 
preference for the majority of the active volume to localize between the suction and 
the injection nozzles. The flow originating from the injection nozzle is drawn towards 
the suction nozzle leading to short-circuiting thereby delaying the spread of the 
active volume to other regions of the vessel. The image at t = 60 min reveals an 
active volume that has reached not only the top of the mixing chamber volume under 
consideration, i.e., sensor plane 1, but also has spread out to y-axis values less than 
10 cm. It is important to note that the top of the mixing chamber volume is not the 
liquid surface, but rather the top sensor plane employed in ERT measurements. The 
effect of suction can be still seen in the asymmetrical nature of the active zone in 
images corresponding to t = 60 mins. The role of suction can explain why data from 
higher velocity experiments deviate from the exponential line of the vj = 0.41 m/s 
data seen in Figure 3.3-6. Suction begins to play a major role in the propagation of 
the tracer front in regime 2, distorting the jet flow field. Increased velocity leads to 
greater ‘short-circuiting,’ thus, more efficient mixing can be achieved in this mixing 
configuration, if the deleterious effects of jet-suction interaction can be minimized, 
i.e. lowering injection velocity. 
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t = 1 min;  Nt  = 0.22;  0.3 wt% XGKT 
solution 
t = 10 min;  Nt  = 2.2; 0.3 wt% XGKT 
solution 
t = 60 min;  Nt  = 13.2; 0.3 wt% XGKT 
solution 
   
 
   
Figure 4.3-5: Top row: 3D cut-outs of the mixing chamber volume obtained from Slicer-Dicer software showing both the inactive volume (blue, σ < σ*) and active volume 
(red, σ > σ*) at 1, 10 and 60 minutes, respectively for 0.3 wt% XGKT solution agitated at a nozzle velocity, vj, of 0.81 m/s. Bottom row: Isolated images of the active 
mixing volume obtained from Slicer-Dicer software at the same process times. The H-axis begins at 4.1 cm because the lowest sensor plane is 4.1 cm above the base of 
the tank. The location of the suction nozzle on the graph coordinates is x = 10 cm, y = 20 cm, H = 10 cm and that of the injection nozzle is x = 10 cm, y = 10 cm, H = 10 
cm 
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Figure 4.3-6 shows ERT results in a log-log plot in which Vi/V data, obtained from the 
integral outlined in Eq. 27, plotted against Nt for 0.3 and 0.5 wt% XGKT solutions for 
the downward-facing nozzle at vj = 0.81 m/s. The results for 0.3 wt.% XGKT solution 
exhibit all three regimes shown in Chapter 3. 
Figure 4.3-6 also shows an image generated by Slicer-Dicer software for 0.3 wt% 
XGKT solution at Nt = 26.4 for Vi/V = 9.25%. This image shows that the nearly the 
entire volume of the liquid in the mixing chamber under consideration is active. On 
the other hand, the results for 0.5 wt% XGKT solution reveal that there is a 
significant decrease in the rate of decay of inactive volume with increasing xanthan 
gum concentration. The most interesting feature of the data for 0.5 wt% XGKT 
solution is that Vi/V reaches a quasi-steady state at Nt ≈ 30. The tracer particles 
remain localised in a finite volume similar to the cavern structure described by Elson 
et al. (1986) in mechanical mixing. In the latter case, the inertial forces of mixing 
were estimated to be equal to the yield strength of the fluid at the boundary of the 
cavern. Beyond the cavern boundary, fluid elements are largely stagnant. The 
rheological data presented in Figure 4.3-1(b) show a measurable yield stress in the 
0.5 wt% XGKT solution. It is therefore postulated that, in the jet-recirculation system 
used in this work, the presence of yield stress in the liquid can result in the 
localisation of the flow around the injection and suction points. This is not the case in 
a liquid where no yield stress can be measured, as can be seen from the results for 
0.3 wt% XGKT solution. Figure 4.3-6 also shows a Slicer-Dicer generated image of 
the active volume for 0.5 wt% XGKT solution at Nt = 59.3 when Vi/V = 37.2%. It 
shows that the distribution of the tracer remains localised despite being mixed for 
more than double the length of time as that for the 0.3 wt% XGKT solution. This 
cavern-like structure formation has not been reported before for jet-recirculation 
mixing of viscoelastic liquids. 
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Figure 4.3-6: A log-log plot of Vi/V versus Nt showing data for 0.3 wt% XGKT (closed symbols) and 0.5 
wt% XGKT (open symbols) solutions for a downward-facing nozzle at vj of 0.81 m/s as measured by ERT. 
The two inlay images show 3D reconstructions of the tracer front at Nt = 26.4 for 0.3 wt% XGKT solution 
and Nt = 59.3 for 0.5 wt% XGKT solution. 
The formation of a steady-state cavern goes some distance to explaining why the 
transition to regime 3 does not occur in 0.5 wt% XGKT data in Figure 3.3-3. The 
finding of the formation of a cavern-like structure in 0.5 wt% XGKT solution provides 
a key advantage of reconstructing 3D images of the process from the ERT data. 
Figure 4.3-7 shows images generated using Slicer-Dicer software for 0.5 wt% XGKT 
solution at various points in time. The images in the top row show the 3D cut-out 
images of the mixing chamber at 60, 120 and 240 minutes corresponding to Nt 
values of 13.2, 26.4 and 52.8, respectively. The respective Vi/V values are 57.6, 49.5 
and 40.6%. Given the length of the time scale over which Vi/V declines, this can be 
regarded as a quasi-steady-state phenomenon. The images show that the short-
circuiting effect that arises from the interplay of the zones of influence of injection 
and suction nozzles couples with the rheological peculiarities of the liquid to form a 
cavern like region in which flow localizes and the tracer cannot reach other parts of 
the vessel within the time-scale of the experiment. Traditional treatment of the 
phenomenon would assign the differences in flow phenomenon to the presence of a 
yield stress in the liquid. Indeed, rheograms of the 0.5 wt% XGKT solution over a 
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certain shear rate can be fitted to a typical rheological model with a positive yield 
stress. However, as the shear rate is lowered, the experimental data show a 
precipitous decline of the shear stress from the estimated value of the yield stress. In 
a strict sense, the liquid should not, therefore, be considered to possess a yield 
stress. However, from a practical standpoint the range of shear rates over which the 
precipitous drop in the shear stress is observed is very narrow, and therefore a yield 
like behaviour can perhaps be justified for the 0.5 wt% XGKT solution.  It’s also 
important to note that the experiments discussed here do not allow an estimate of 
the local shear rates, and therefore it is difficult to confirm if the shear rates at the 
boundaries indeed reach the low limits where yield like behaviour is expected. 
Nevertheless, the results are novel because the geometry of the system is very 
different to those typically used in the study of the cavern formation and it is not clear 
a priori if caverns would result in such geometries. Also, the results show that it is 
unclear if the existing conceptual framework for explaining cavern formation is 
entirely consistent given that the liquid in which the cavern has been demonstrated in 
this work might not be a prototypical yield stress fluid based on its rheological 
behaviour. 
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t = 60 min; Nt =13.2; 0.5 wt% XGKT solution t =120 min; Nt  =26.4; 0.5 wt% XGKT solution t = 240 min;  Nt =52.8; 0.5 wt% XGKT solution 
   
σ 
   
Figure 4.3-7: Top row: 3D cut-outs of the mixing chamber showing both the inactive (blue, σ < σ*) and active regions (red, σ > σ*) for the frames taken at 60, 120 
and 240 minutes, respectively for 0.5 wt % XGKT solution at a nozzle velocity, vj = 0.81 m/s. Bottom row: Isolated image of the active mixing region for frames 
taken at the same process times.  As the lowest sensor plane is 4.1 cm above the base of the tank, this is represented by the fact that the H-axis begins at 4.1cm. 
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4.4 Conclusions  
This chapter develops and employs a state-of-the-art ERT technique to study jet-
recirculation mixing of non-Newtonian fluids in cylindrical vessels in order to explain 
the phenomena occurring in regime 2 as revealed in Chapter 3. It has been shown 
that flow can localise in a phenomenon that is analogous to cavern formation seen in 
the mechanical agitation of yield pseudoplastic fluids, thus explaining why regime 2 
does not transition to regime 3 in experiments using 0.5 wt% XGKT solution. Cavern 
formation has only been shown in fluids with a measurable yield stress when fitted 
with a Herschel-Bulkley model (0.5 wt% XGKT solution). Cavern formation is not 
observed in fluids without a measurable yield stress, which can be seen in the 0.3 
wt% XGKT solution data presented in this chapter. Cavern formation phenomena for 
such fluids have not been shown before for jet recirculation mixing. The short-
circuiting that occurs between the injection and suction nozzles causes dead-zones 
which leads to inferior mixing and should be avoided. Methods of avoiding this will be 
explored in the next chapter.  
The thresholding technique used to determine the tracer front has been verified on a 
2D plane against a flow visualisation technique in which the physical phenomena of 
the spread of the tracer front can be directly observed. Good agreement was found 
with a margin of error. This ensures confidence in ERT as an analysis technique, 
and thus paves the way for the use of ERT to study mixing in opaque fluids. 
3D images of the mixing phenomena at various points in time were reconstructed 
using conductivity data obtained in ERT experiments. Using the imaging software, 
the 3D structure of the region of high conductivity was able to be isolated, which 
revealed an asymmetry that favoured short-circuiting between the injection point and 
the suction nozzle. To compensate for this asymmetry, a technique was developed 
to measure the active volume in the observed volume over time. The experimental 
insight into the flow patterns of yield pseudoplastic fluids in jet recirculation should 
serve as a guide for numerical simulations in the future, which to date have not 
shown that a quasi-steady state cavern forms when yield stress is present. The 
short-circuiting effect of jet-suction interplay will be explored further in-depth in 
Chapter 6 where a model will be developed to factor in the role that suction plays in 
jet recirculation mixing.  
 69 
 
 Chapter 5  Accelerating the Spread of Active Mixing Region 
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5 Accelerating the Spread of Active Mixing Region 
5.1 Introduction 
The previous chapters uncovered and explained problems as to why active volume 
creation in some cases is less than optimal. Among the three regimes, effectively the 
second regime was found to delay the transition from inactive to the fully active state. 
At higher liquid viscosities, the span of both the first and the second regimes was 
found to increase such that, over a comparable time-scale, the transition to the third 
regime (where the rate of decrease of the inactive volume accelerates) was not 
observed. From an operational perspective, it would be beneficial to determine a 
simple process of shortening the extent of regime 2, or quicker transitioning from 
regime 2 to regime 3. This will also help to identify ways of controlling the span of 
these three flow regimes inexpensively and without increasing the specific power 
input to the vessel. Although it is recognised that the effects of rheology and fluid 
mechanics may decouple at some point, no attempt was made in this study to isolate 
the two phenomena, and both phenomena were studied together. 
 
5.2 Methodology  
5.2.1 Experimental set-up 
The experimental set-up chosen, as seen in Figure 5.2-1, is largely similar to the set-
up used in Chapter 3, i.e. DT = HT = 0.19 m; dj = ds = 0.006 m, except for the use of a
upward facing (UF) jet nozzle, with an outlet placed at HT/2. Past studies have 
shown the effects of altering liquid inlet and outlet locations in mechanically stirred 
tanks (Mavros et al., 2002, Patel et al., 2011) and found that there is more feed 
entrainment when inlet and outlet locations are further apart from one another. This 
chapter, however, is chiefly concerned with investigating hydrodynamics involved in 
purely jet recirculation mixing with fixed inlet and outlet locations. The flow 
visualisation technique used, along with the method of calculating inactive volume 
are identical to the methods employed in chapter 3. 
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Figure 5.2-1: A schematic of the mixing rig using an upward-facing nozzle in a Perspex® tank of diameter 
DT with an 1:1 aspect ratio such that liquid height HT = DT. Mixing is carried out through the suction 
nozzle and injection nozzle with diameters ds and dj, respectively, situated at half liquid height. The tank 
is placed in a cubical tank with an annulus filled with water to minimise optical distortion. The mixing is 
driven by a peristaltic pump. 
 
5.3 Results and Discussion 
5.3.1 Flow Regimes in system with an upward-facing (UF) nozzle 
Figure 5.3-1 shows the decay of inactive volume as a percentage of total volume 
(Vi/VT) with Nt on a log-log scale for a 0.3 wt% XGKT solution agitated with an UF 
nozzle at the nozzle velocity vj = 0.81 m/s. It can be observed that the inactive 
volume decreases over three zones similar to the trend observed in Figure 3.3-2(b) 
for a downward-facing (DF) nozzle over a comparable range of Nt. The first zone 
occurs at Nt < 0.5, and is demarcated on the graph by the dotted line. The physical 
phenomena taking place can be observed from the images superimposed on the 
graph. In this region, the active mixing occurs only above the nozzle, and adjacent to 
the air-liquid interface at the top of the liquid body. The second regime in the UF 
nozzle configuration exhibits expansion in all directions, filling the vessel. The 
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transition between the second and third regime begins to occur as the active volume 
height, Ha, reaches the bottom of the vessel such that Ha=HT and ends when the 
active volume diameter, Da, reaches the wall of the vessel such that Da=DT. The 
transition from Regime 2 to 3 occurs at Nt = 7.5. Regime 3 is thus associated with the 
period of mixing in which the only inactive volumes that remain are in the corners of 
the vessel, as the active volume endeavors to fill the entire vessel volume. 
Interestingly, over the range of Nt observed in Figure 4, no steady state is reached.  
 
 
Figure 5.3-1: The decay of inactive volume (Vi/VT) as a function of Nt in 0.3 wt% XGKT solution for an 
upward-facing nozzle with nozzle diameter dj = 6 mm and jet nozzle velocity vj = 0.81 m/s. Images show 
the structure of the discoloured volume at various values of Nt.  Experiments carried out in triplicate have 
shown that error was within 5%. 
Figure 5.3-2 shows the effect of specific power input on the decay of percentage 
inactive volume for the UF nozzle configuration by varying jet velocity. An increased 
jet velocity does not make a significant difference in either the qualitative trends 
observed or the final extent of active volume created over the normalised time-scale. 
In fact, in regimes 1 and 2, the evolution of the trajectories remains relatively 
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insensitive to changes in the injection velocity despite an overall four-fold variation in 
the injection velocity. Also, the span of regime 1, which can be determined with 
confidence from the photographs, remains insensitive to the changes in the injection 
velocity. Notably, however, Figure 5.3-2 shows that the span of regime 2 is a 
function of the injection velocity and, therefore the specific power input. For the 
lowest jet velocity (vj =0.41 m/s) Regime 2 spans from around Nt = 0.25 to Nt = 7.2, 
whilst vj = 0.81 m/s data spans regime 2 from Nt = 0.5 to Nt = 5.0, and the span of 
regime 2 for vj = 1.3 m/s is from Nt = 0.6 to Nt = 2.0. In addition, the slope of the 
trajectory in regime 3 decreases with increasing injection velocity. This dependence 
of the slope of the trajectory in regime 3 on the injection velocity obscures the 
transition between regime 2 and regime 3, particularly at higher injection velocities. 
The underlying cause for this will be outlined later in the chapter. The other 
consequence of the dependence of the flow-regimes on vj observed in Figure 5.3-2 
is that an increase in the specific power input does not necessarily produce a 
proportional increase in the active volume. On the contrary, as is observed from the 
experimental data presented in Figure 5.3-2, the rate of decrease of the inactive 
volume (disappearance of the stagnant regions in the vessel) is higher at lower vj 
than at higher ones, particularly at higher values of Nt similar to the trends observed 
when increasing jet velocity in a DF nozzle in Chapter 3. This observation, if found 
widely applicable in processing viscoelastic fluids like the ones used here, could 
provide the dual benefit of increasing the active volume quicker but at a lower 
expense of energy. 
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Figure 5.3-2: The effect of jet velocity (vj) on the decay of inactive volume for an upward-facing nozzle 
configuration for 0.3 wt% XGKT solution. Three values of vj are shown, 0.41, 0.81 and 1.6 m/s. The dotted 
vertical line shows the end of Regime 1, the vertical arrows show the length of Regime 2 for a given 
injection velocity. 
Figure 5.3-3 shows how the inactive volume evolves when vj is held constant while 
changing the rheological behaviour of the liquid by varying the concentration of 
xanthan gum in the solution from 0.3 to 0.4 wt%. The details of the rheological 
characteristics of 0.3 and 0.4 wt% solutions are discussed chapter 3. It can be 
observed from Figure 5.3-3 that the overall shape of the trajectory remains almost 
identical when the concentration of xanthan gum solution is changed. However, the 
curve trajectory for the solution with the higher concentration, and therefore of the 
higher viscosity, is shifted to the right along the Nt-axis. It is also clear that the values 
of Nt at which the dynamic transition between the regimes occurs are higher when 
the viscosity of the liquid is increased. In Figure 5.3-3, large and small dashed lines 
have been used to indicate the end of the Regime 2 and the beginning of the 
Regime 3 for 0.3 and 0.4 wt% solutions, respectively. A careful examination of 
Regime 2 in Figure 5.3-3 also shows that the slope of the curve in Regime 2 for the 
0.3 wt% solution is slightly smaller than that for the 0.4 wt% solution. However, it is 
difficult to confirm this at present within the margin of errors in the experiments. 
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Regimes 1 and 3, however, do not appear to be similarly influenced by the change in 
viscosity of the liquid. 
 
Figure 5.3-3: The decay of inactive volume in 0.3 and 0.4 wt% XGKT solutions for an upward-facing 
nozzle at a constant nozzle liquid velocity (vj = 0.81 m/s). The slopes of the two curves in regime 2 are 
within experimental error. The inset shows the effect of XGKT concentration for the downward-facing 
nozzle as previously shown in Chapter 3. 
5.3.2 Comparison of flow regimes for upward-facing (UF) and 
downward-facing (DF) nozzle geometries  
It is useful to put the above-mentioned observations in the context of those 
discussed previously in chapter 3. It is also worthy of note that the two geometries 
(DF and UF nozzles) can be considered to differ fundamentally from each other in 
the sense that while the jet from DF nozzle encounters a rigid surface at the 
boundary, the jet from UF nozzle encounters an air-liquid interface, which can be 
considered as a flexible membrane held in place by surface forces but capable of 
resisting small perturbations imposed by the impinging jet at moderate velocities. 
The experiments discussed above provide some indications on how these 
 76 
 
differences lead to remarkably different hydrodynamic behaviours. The differences 
are discussed in detail in the following section. 
5.3.3 Effect of varying specific power input 
Figure 5.3-4(a), (b) and (c) show the effects of nozzle orientation and jet velocity (vj) 
when all other factors i.e. DT, HT, dj, ds, and XGKT concentration (0.3 wt%) are fixed. 
It can be observed from these plots that Vi/VT decreases faster for the UF nozzle 
than for the DF nozzle. For all the experiments except for those shown in Figure 
5.3-4(c), all the three flow regimes are noticeable for both nozzles. A discussion of 
the influence of the injection velocity on the span of Regime 2 for the UF nozzle has 
been provided above. Similar dependence in the span of Regime 2 was not 
observed in the experiments with the DF nozzle. For Regime 3, the slope of the 
trajectory of Vi/VT decreases as vj is increased for the UF nozzle. This behaviour is in 
contrast to that observed in the results for DF nozzle where the slope of the 
trajectory in Regime 3 remains almost constant irrespective of changes in the 
injection velocity. The closest similarity in the trends between the two nozzles is 
observed in Regime 1, which is when the active volume is far away from the walls of 
the vessel. It can be seen from Figure 5.3-4(a), which reports results at the lowest jet 
velocity vj = 0.41 m/s, the trajectories for UF and DF nozzles collapse on to one 
another when Nt < 0.1. As discussed above, the inactive volume is observed to 
decrease fastest when Nt < 10 at lower values of vj. 
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Figure 5.3-4: The decay of inactive volume for 0.3 wt% XGKT solution using a downward-facing (DF) 
nozzle and an upward (UF) nozzle. 
5.3.4 Effects of varying the rheology of the fluid 
Figure 5.3-3 compares the effect that a change in fluid rheology can have on Vi/VT 
when the jet velocity is held constant at 0.81 m/s. The main graph shows the results 
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for the UF nozzle and the inset shows the corresponding results for the DF nozzle 
previously shown in Chapter 3. The 0.4 wt% solution is more viscous than the 0.3 
wt% solution. It can be observed from Figure 5.3-3 that the overall effect of 
increasing the liquid viscosity is that the Vi/VT trajectories shift to the right along the 
Nt-axis. This trend is similar for both nozzle orientations. It is, however, noteworthy 
that the extent of the shift is larger for the DF nozzle than for the UF nozzle. In fact, 
shifting the results for 0.3 wt% solution to the right by a factor of 2 (shifting not shown 
here) results in an overlap of the trajectories of 0.3 and 0.4 wt% solutions in Regimes 
1 and 3 for the DF nozzle (Figure 5.3-3). However, for the UF nozzles, the shift factor 
required to obtain the overlap of the trajectories of 0.3 and 0.4 wt% solutions is of the 
order of about 1.2 (shifting not shown here). Thus, the shifting collapses results in 
Regimes 1 and 3 for the UF nozzle data, as was the case of the DF nozzle. There is 
some uncertainty regarding the degree of collapse in Regime 2 for the UF nozzle 
data due to the experimental errors involved. For the DF nozzle data, however, it is 
not possible to collapse the trajectories of 0.3 and 0.4 wt% solutions in Regime 2 by 
adjusting the data by a simple multiplier along the abscissa. From the available data, 
it can be inferred that for a fixed injection velocity, an increase in the liquid viscosity 
delays the decay of the inactive volume. The extent of the delay is significantly 
reduced by changing the orientation of the nozzle from a DF configuration to an UF 
configuration. While the shape of the trajectory remains qualitatively similar for a 
given nozzle configuration regardless of the change in XGKT concentration, 
changing the nozzle configuration changes the shape of the trajectory for a given 
XGKT concentration. It is also worthy of mention here that the UF nozzle is more 
efficient in reducing the inactive volume for the same injection velocity even in higher 
viscosity fluids. Whilst regime 2 in the DF nozzle configuration is characterised by a 
wall-driven flow in which rheology is a governing factor, regime 2 in the UF 
configuration is characterised by a flexible liquid-air interface with more complex 
hydrodynamics where rheology appears to play a lesser role. The 0.4 wt% solution 
discussed here corresponds to wastewater sludge that contains about 4 wt% solids 
(Low, 2013b). These observations might be valuable for designing strategies for 
providing optimal hydrodynamic conditions in an anaerobic digester for processing 
sludge with complex rheological characteristics or high concentration of solids.  
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5.3.5 Effect of jet-suction interplay  
The use of ERT in chapter 4 revealed that suction plays a significant role in the 
spread of active volume. One contributing factor that makes the UF nozzle superior 
to the DF nozzle is the relative location and orientation of jet and the suction nozzles. 
Hylton and Cummins (1997) looked at the location of the jet nozzle in a vessel in 
relation to that of the suction nozzle and found that the jet from the injection nozzle 
could be fully developed and led to better mixing if the injection nozzle is further 
away from the suction nozzle. In this chapter, the distance between the jet and the 
suction nozzles was the same for both DF and UF nozzle arrangements. However, 
the orientations of the jet and suction nozzles were the same for the DF nozzle (both 
downward-facing) whereas they were opposite for the UF nozzle (jet nozzle facing 
upwards and suction nozzle facing downwards). The flow patterns observed for DF 
and UF nozzles at a low Nt value in 0.3 wt% XGKT solution at vj = 0.81 m/s are 
shown in Figure 5.3-5. It should be noted that the images presented in Figure 5.3-5 
were obtained in an illumination plane in which the suction and jet nozzles aligned 
and were perpendicular to the illumination plane that was used to obtain Vi/VT values 
shown in Figure 5.3-1 to Figure 5.3-4.  
It is apparent from Figure 5.3-5(a) and (b) that both jet and suction nozzles lead to 
their own active volumes (discoloured regions), which can be designated as ‘zones 
of influence’ or ‘volumes of influence’. In the case of DF nozzle, the active volumes 
produced by the jet and suction nozzles merge readily thereby creating a ‘short-
circuiting’ of both active volumes without allowing them to spread to the rest of the 
tank. It was found that the merging of active volume for DF nozzle starts at a 
relatively low Nt of 0.09 when Vi/VT was nearly 95%. On the other hand, the active 
volume in the case of UF nozzle is formed above the nozzle away from the ‘volume 
of influence’ of the suction nozzle thus leading to the generation of two 
complimentary zones of influence instead of two competing zones of influence.  The 
zones of influence for suction and injection nozzles did merge in this case, but it 
occurred only at Nt = 0.62 when % Vi/VT = 48%. The short-circuiting that occurs due 
to the interaction of zones of influence of suction and jet nozzles is much less 
compared to that found for DF nozzle.  
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(a) Downward-facing nozzle at Nt= 
0.09 
(b) Upward-facing nozzle at Nt= 
0.62 
Figure 5.3-5: Side-on view of the flow patterns for both (a) upward and (b) downward-facing nozzles at 
the earliest point at which the zones of influence of both nozzles merge in 0.3 wt% XGKT solution at vj= 
0.81 m/s. 
5.3.6 Application of upward-facing nozzle to 0.5% xanthan gum 
solutions. 
It has been shown in chapter 4 that the inactive volume formed in 0.5 wt% XGKT 
solution does not decrease appreciably over the timescale of the experiments when 
agitated by a DF nozzle, due to the formation of a steady state cavern as short-
circuiting becomes more pronounced in the presence of a yield stress. The flow 
visualisation data for the decay of inactive volume seen in Chapter 3 is compared in 
Figure 5.3-6 to those obtained with the UF nozzle agitating 0.5 wt% XGKT solution at 
the same injection velocity.   
It can be observed that the inactive volume decreases much more rapidly and to a 
larger extent for the UF nozzle. In fact, the overall decrease of the inactive volume 
obtained by changing the orientation of the nozzle exceeds an order of magnitude in 
these experiments. Since the 0.5% XGKT solution used in this study at room 
temperature displays similar rheological behaviour to that of municipal digester 
sludge with solids loading of 4-6% at 35°C (a common operating temperature for 
anaerobic digesters) as found by Eftekharzadeh et al. (2007), the remarkable 
improvement obtained by changing the nozzle orientation is worthy of note. It is 
envisaged that an understanding of the mechanics that deliver such remarkable 
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improvements might be beneficial in developing strategies of processing even more 
concentrated feed in anaerobic digesters. 
 
Figure 5.3-6: The decay of inactive volume for the 0.5 wt% XGKT solution agitated by the upward-facing 
and the downward–facing nozzles at vj= 0.81 m/s 
5.3.7 Effect of a flexible liquid-air interface 
As stated above, perhaps the major difference between the two nozzle orientations 
is that the DF nozzle is pumping against the rigid floor of the tank, where a significant 
amount of energy is potentially wasted, while the UF nozzle is working against the 
flexible liquid-air interface. To fully examine the effects of the air-liquid interface on 
Vi/VT, the dimensionless time scale vj2t/κ is used instead of Nt in the forthcoming 
analysis. 
The Vi/VT vs. vj2t/κ results shown in Figure 5.3-7 for the UF nozzle at three jet 
velocities (vj = 0.41, 0.81, 1.4 m/s) indicate that, unlike the curves for DF nozzle, as 
seen in Chapter 3 (Figure 3.3-6), the curves do not collapse onto each another.  
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Figure 5.3-7: Vi/VT vs. vj2t/κ plot for upward-facing nozzle data at three jet velocities (vj = 0.41, 0.81, 1.3 
m/s). 
To obtain a unifying trend for all three vj, the x-axis group vj2t/κ is changed to vr2t/κ, 
where vj is replaced by a relative velocity term vr. The relative velocity vr is called as 
‘velocity with respect to the interface’ as was done by (Law et al., 1999) and defined 
as follows: 
𝑣𝑟 = 𝑣𝑗 − 𝑣𝑖                 (5.3-1) 
where vj is the nozzle velocity working against the interface, and vi is the velocity of 
the moving air-liquid interface as illustrated in Figure 5.3-8.  
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Figure 5.3-8: An illustration of a liquid jet of velocity vj working against a flexible liquid-air interface, 
represented by the solid curved line that reacts with a velocity of vi. 
The interface velocity vi can be measured but requires the use of techniques such as 
particle image velocimetry (PIV) (Larocque et al., 2009, Law et al., 1999). In the 
absence of PIV measurements, vi at vj = 0.41 m/s is taken arbitrarily as 0 m/s in the 
calculations. To collapse the curves for vj = 0.81 and 1.3 m/s onto the one for 0.41 
m/s, vi values were manipulated by trial and error. It was found that when vi = 0.2 
and 0.6 m/s, the curves for vj= 0.81 and 1.3 m/s collapsed onto that one for 0.41 m/s 
as shown in Figure 5.3-9a for most values of vr2t/κ. There is a noticeable deviation 
from the curve for vj = 1.3 m/s from those for other two lower vj. This could be due to 
the jet at vj= 1.3 m/s breaking the air-liquid interface thereby leading to the 
dissipation of some of its energy which is not available in the decay of inactive 
volume which is present largely at the tank bottom. 
Figure 5.3-9(b) shows a plot of vi values mentioned above against the experimental 
values of vj. It is important to note that vi was chosen as zero for vj = 0.41 m/s and 
thus the values of vi for other vj are relative to each other and not absolute values. 
The trend between vi and vj is not linear and more work needs to be carried out to 
determine how vj affects vi and the ramification of this relationship in the design of 
industrial liquid recirculation systems.  
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Figure 5.3-9: (a): Vi/VT vs. vr2t/κ plot for upward-facing nozzle data at three nozzle velocities (vj = 0.41, 
0.81, 1.3 m/s) with three different interface velocities (vi = 0, 0.2, 0.6 m/s, respectively) b) vi data plotted 
against the vj, note the relationship is not linear. 
 
5.4 Conclusions 
This chapter has seen the use of a simple nozzle inversion to overcome problems 
identified in Chapters 3 and 4. The results reported in this work demonstrate that the 
trajectory that leads to the disappearance of the stagnant region is remarkably 
influenced by the orientation of the nozzle. In particular, the rate of reduction of the 
stagnant regions is almost doubled in the first two flow regimes for the upward-facing 
nozzle compared to the downward-facing nozzle at the same specific power input. In 
this study, we also found that in the third flow regime, unlike in the downward-facing 
nozzle configuration, the trajectory becomes a function of the specific power input for 
the upward-facing nozzle. It has been shown that an upward-facing nozzle breaks 
the relationship between regime 2 and fluid rheology as identified in Chapter 3, and 
can even avoid steady state cavern formation as seen in Chapter 4. This chapter has 
brought into more clear focus that suction plays in distorting the effects the suction 
flow field can have on the flow filed of the liquid jet. This is something that has not 
been widely explored in the literature, and thus is the purpose of the next chapter of 
this thesis. 
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Chapter 6 An Evaluation of the Role of Suction 
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6 An Evaluation of the Role of Suction 
6.1 Introduction 
The literature review of this thesis presented numerous models to calculate mixing 
time in jet recirculation mixing. The picture that emerges is that while it was known 
from past research that the positioning of the nozzles might impact the mixing time in 
vessels agitated by recirculating liquid jets, the nature of the interactions is not clear. 
Chapter 4 shows the interaction between the zones of influence of the jet and 
suction nozzles, which, in the presence of a yield stress can lead to the formation of 
a steady-state cavern. Chapter 5 shows that this sort of cavern formation can be 
avoided with a simple nozzle inversion that orientates the two zones of influence in 
complement rather than competition. This chapter seeks to develop a model for 
mixing time that incorporates the distance between the zones of influence of jet and 
suction nozzles by recording the mixing time for a given fluid by changing jet location 
and keeping all other factors constant. 
 
6.2 Methodology         
All experimental runs were conducted in a 20 cm diameter tank with a 1:1 aspect 
ratio (DT= HT= 0.20 m). The working fluid used for all experiments in this chapter was 
0.3 wt% XGKT solution. The rheological measurements were made in the same 
fashion as those seen in chapter 3. The fluid is drawn out of the tank through the 
suction nozzle with a 6 mm diameter (ds= 0.006 m) with a peristaltic pump 
(Masterflex L/S, Cole-Parmer, USA) and recirculated back into the tank through a 6 
mm diameter jet nozzle (dj = 0.006 m). All runs in this study use a jet nozzle velocity 
of 0.81 m/s (vj = 0.81 m/s). The main design variable manipulated in this study are 
the placements of the jet and suction nozzles. 
Mixing performance was monitored using ERT methods developed in chapter 4. For 
analytical purposes, it was deemed that when 90% of the conductivity 
measurements in the observed mixing chamber were above the threshold 
conductivity, the vessel has reached mixing time tθ. 
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Table 6.2-1 shows the 4 nozzle configurations used in this study, for the sake of 
symmetry, the nozzles were always placed at the half liquid height, and along the 
centre plane of the tank. It is important to note that the ↨ denotes a configuration in 
which the jet and suction nozzle are placed as close as possible to one another. 
Furthermore, configurations with arrows closest to the wall, denote a configuration in 
which the nozzles are flush with the walls of the tank  
Table 6.2-1: Basic schematic of nozzle configurations, where ↓ denotes the jet nozzle, ↑ denotes the 
suction nozzle and ↨ denotes configurations in which jet and suction are as close as possible. 
  
  
6.3 Results and discussion 
The rheological response of the liquid used in this chapter is shown in Figure 6.3-1 
where the markers represent experimental observations. It can be observed from 
Figure 6.3-1 that the rheological behaviour of the liquid could be reasonably 
described by a power-law model where, 
𝜏 = 𝑘?̇?𝑛                   (6.3-1) 
Here 𝜏 is shear stress (Pa) and ?̇? is the shear rate (s-1), which are related to one 
another via the flow consistency index k (= 1.29 Pa.sn) and the flow behaviour index 
n (= 0.382).  
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Figure 6.3-1: Log scale rheogram of 0.3 wt% XGKT solution with power law fit. 
The non-Newtonian Reynolds number at the outlet of the injection nozzle, adapted 
from Metzner and Reed (1955)is calculated as follows 
𝑅𝑒𝑗−𝑃𝐿 = 𝜌𝑑𝑗𝑛𝑣𝑗2−𝑛𝑘((3𝑛+1) 4𝑛⁄ )𝑛8𝑛−1                 (6.3-2) 
The Reynolds number for all of the runs is kept constant at 247 and in the laminar 
flow regime. 
As mentioned before, this chapter is concerned with understanding how the position 
of the suction nozzle influences the mixing regimes. In order to do so, the average 
length-scale (ls) over which the perturbations due to the suction decay for a given 
suction velocity vs is estimated as 𝑙𝑠 = 𝑣𝑠3 𝜀⁄  (Landau and Lifshitz, 2005) where ε is 
the energy dissipation rate per unit mass of liquid having units of m2/s3. Evidently, as 
the tracer field spreads with time, the length scale (𝑟𝑇 − 𝑟), where rT is the radius of 
the tank and r is the time-dependent radius of the boundary of the tracer rich “active” 
region, approaches zero. It follows that when (𝑟𝑇 − 𝑟) = 𝑙𝑠, the flow field will be 
affected by dynamics near the suction nozzle. A non-dimensional quantity that 
naturally arises from the argument above is Λ which is as follows. 
𝜦 = 𝒓𝑻−𝒓(𝒕)
𝒍𝒔
 .                   (6.3-3) 
 
At the beginning of the experiment, however, the numerator in Eq 6.3-3 has a fixed 
value{𝑟𝑇 − 𝑟(𝑡 = 0)} = Δ𝑆 that is given by the separation between the nozzles. We 
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assume that 𝑙𝑠 ≈ 𝑑𝑠, where ds is the diameter of the suction nozzle, in the following, 
because we are interested in assessing in a quantitative manner the possibility of 
interaction between the flow domains influenced by both the suction port and the 
injection nozzle. In this sense, the statement 𝑙𝑠 ≈ 𝑑𝑠 provides a lower limit to the 
value of ls. Indeed if ds is decreased, the value of the velocity at the suction port (vs) 
would increase (mass flow rate being constant), and ls would increase concomitantly 
as discussed above. Similarly, when ds is increased, vs will decrease, and 
consequently, ls can decrease such that 𝑙𝑠 < 𝑑𝑠. In the latter case, the length scale 
over which the suction port influences the flow domain is given by ds. In this limit, it is 
possible to rewrite Eq 6.3-3,  
𝜦∗ = ∆𝑺𝒅𝒔           (6.3-4) 
 
The above form is preferable for design purposes since fixed values are used when 
calculating 𝜦∗. Using the above parameter for characterisation, the distance between 
the two nozzles can be quantified in terms of a number of nozzle diameters. Here 
locations are taken from the centre line of the jet, such that in ↨ configurations ΔS = 6 
mm. A summary of these values can be seen in Table 6.3-1. 
Table 6.3-1: Summary of the geometric parameters found in the mixing configurations.  
Configuration ΔS (mm) ds (mm) Λ* 
1. 6 6 1 
2. 97 6 16.2 
3. 153 6 24.5 
4. 195 6 32.3 
 
Taking the fixed process time of t = 2 min, 3D reconstructions of the mixing chamber 
of 0.3 wt% XGKT solution agitated at vj = 0.81 m/s were created using Slicer-Dicer 
software (Pixotec, USA) as seen in Table 6.3-2. 
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Table 6.3-2: (Left-hand column) Schematic of nozzle configurations used in the study. (Middle Column) 
3D cut-outs of the half of the mixing chamber cut down at the centre plane at mixing process time t = 2 
min obtained from Slicer-Dicer software showing both the inactive volume (blue) and the active volume 
(red) for all the corresponding mixing configurations. (Right-hand column) Isolated images of the active 
mixing volume in the mixing chamber obtained by slicer-dicer software. The H-axis begins at 4.1 cm, 
because the lowest sensor plane is 4.1 cm above the base of the tank. 
Nozzle Config Cut-out of mixing chamber Isolated tracer front (active 
volume) 
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The middle column shows cut-outs of half the mixing chamber, sliced down the 
middle plane where the red volume corresponds to the propagation of the tracer front 
and thus the active mixing region, and the blue volume corresponds to the inactive 
volume where fluid elements are largely stagnant. The flat-face of the half cylinder 
seen in the middle corresponds to the plane seen in the nozzle configuration column. 
An inspection of these 3D cut-outs reveals that at t = 2 min, the active volume is 
larger depending on the Λ* value of the nozzle configuration.  
The right-hand column shows the isolated tracer front in the full 3D environment of 
the mixing chamber. Interestingly it reveals a greater degree of asymmetry than one 
would expect. It is also interesting to note that the overwhelming majority of the 
active volume, at this stage, is in between the two nozzles, in the centre plane, but 
does spread radially outwards. The images seen in Table 6.3-2 strongly support the 
proposal that jet-suction interaction is important in the evolution of active mixing 
volume. 
Whilst it is interesting to investigate the extent of active mixing volume at a fixed 
time, it is more important for design purposes to investigate the time at which the 
mixing volume reaches a fixed fraction of the tank. For this study, we have fixed this 
volume to 90% of VT. Figure 6.3-3 shows a plot of 𝑁𝑡𝜃 which is the mixing time 
𝑡𝜃 normalised by the hydraulic retention time 𝑡𝐻 = 𝑉𝑇 ?̇?⁄ , where 𝑉𝑇is the volume of 
the tank and ?̇? = 0.25𝜋𝑑𝑗2𝑣𝑗 is the recirculation rate. Figure 6.3-3 demonstrates how 
the distance between nozzles affects the time at which 0.3 wt% XGKT solution 
agitated at vj = 0.81m/s reaches 90% of 𝑉𝑇. The symbols in the figure are the 
experimental results. The extra points at Λ∗ = 16.4 and Λ∗ = 24.5 are from 
experiments that are mirror images of the experiments 2 and 3 described in Table 
6.2-1. It can be observed from Figure 6.3-3 that the jet-suction interplay effect gives 
rise to a negative gradient as the two nozzles are moved further apart, to which a 
straight line can be fitted with an R2 value of 0.9709. Beyond 24.5 nozzle diameters, 
the plot shows that the distance between the two nozzles has little effect, this is 
important as it shows that the deleterious effect of flow field distortion ceases to 
happen when the two nozzles are placed at a critical distance.    
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Figure 6.3-3: A Ntθ vs. Λ*  plot showing how the distance between nozzles affects the time at which 0.3 
wt% XGKT solution agitated at vj= 0.81m/s reaches 90% active volume.    
It follows from Figure 6.3-3 that for 1 <  Λ∗ < 24.5, the mixing time can be written as 
𝑡𝜃 = �𝐶1 + 𝐶2 ∆𝑆𝑑𝑠� �𝐷𝑇2𝐻𝑇𝑑𝑗2𝑣𝑗 �                  (6.3-5) 
 
where C1 and C2 are estimated to be 62.58 and -2.25 and from linear regression of 
the experimental data. The gradual increase of the mixing time as the suction of the 
injection nozzles are brought closer is interesting because intuition would suggest 
that as the domains agitated by the nozzle and the suction approach each other, 
mixing time would decrease. On the contrary, the experiments reported here suggest 
that the mixing time increases as Δ𝑆 decreases. These observations are attributed to 
the “short-circuiting” of the flow field described in chapters 4 and 5. In effect, the 
residence time of injected liquid (momentum) element decreases as Δ𝑆 decreases 
and the element escapes the flow domain quickly for a small value of Δ𝑆. This 
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increases the mixing time. Note that the value of Δ𝑆 can in principle tend to zero, in 
which case the mixing time would tend to infinity.  
Interestingly the dependence on vj appears to be consistent with previous correlation 
for the mixing time, while the dependence on DT and HT are different to those found 
in the literature (Fossett and Prosser, 1949, Fox and Gex, 1956, Van De Vusse, 
1959, Okita and Oyama, 1963). The concept of a gradient effect is contrary to Fox 
and Gex’s (1956) assertion that the distance between the two nozzles was not 
important unless the two nozzles were feeding directly into one another. In one 
sense, Fox and Gex anticipated the phenomenon discussed here without quantifying 
it. Furthermore, the evidence that this gradient no longer exists when the nozzles are 
placed at an adequate distance is contrary to Revill’s (1992) design recommendation 
that the two nozzles should be placed as far as possible from one another. However, 
it is concurrent with Hylton and Cummins (1997) who also looked at nozzle location 
and concluded that a liquid jet could fully develop if placed sufficiently far away from 
the suction nozzle, which leads to better mixing. However, as demonstrated here, 
the mechanics are richer than those explored in early works and the mixing time can 
indeed be controlled (to reduce or enhance competition with other transport 
processes for instance) if needed by altering the design in a logical way. A jet 
recirculation mixing system is by its very nature equipped with two energy sources, 
each with its own zone of influence in agitating the fluid. Competition between the 
two domains could be used to an advantage. 
When investigating the impact of nozzle separation on different fluids, the same 
correlation may hold, however more experiments would need to be conducted to 
verify this. The parameters C1 and C2 would change as well as the range of Λ* values 
over which the correlation holds. It follows that C1 (the intercept) would increase for a 
more viscous fluid, as it has been shown in chapter 3 that a higher viscosity leads to 
a longer mixing time for a giving mixing configuration. C2 (the slope) would likely 
decrease for a fluid with a higher viscosity as the separation of nozzles is likely to 
have a lesser effect for more viscous fluids. The presence of a yield stress would 
likely shift the range of Λ* over which the correlation holds to the right, as chapter 4 
shows that if the nozzles are too close it leads to cavern formation, thus infinite 
mixing time, as the vessel will never be fully mixed.     
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6.4 Conclusions 
This chapter has shown that in vessels using submerged recirculating jets for 
agitation purposes, the distance between the suction and injection ports can be used 
to control the mixing time, for the same value of injection velocity and when the liquid 
properties are kept constant. A non-dimensional quantity is proposed to quantify the 
degree to which mixing time is enhanced/delayed. The experiments conducted here 
demonstrate that there is a critical value below which the separation between the 
suction and injection ports is most prominent. However, above the critical value, the 
separation between the ports does not affect the mixing time. The work also 
suggests an empirical correlation to predict the mixing time under conditions where 
“short-circuiting” of the flow is dominant, which retains the same dependence of 
mixing time on the injection velocity and the tank diameter as one of the correlations 
proposed previously and reviewed here. In this manner it enhances the capability of 
the designing mixing tanks that use submerged recirculating jets for agitation.  
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7 Conclusions and Recommendations 
The first objective laid out in the introduction of this thesis was to investigate the 
mixing patterns of a sludge simulant using a flow visualisation technique in a model 
anaerobic digester with a jet recirculation mixing technique. Chapter 3 contains the 
discovery of three distinct mixing regimes in the agitation of 0.3 wt% XGKT solution 
with a downward-facing recirculating jet over a dimensionless time scale employing a 
flow visulisation technique. The first research question laid out in the introduction, 
namely, ‘how do nozzle velocity and fluid rheology affect mixing performance in a 
model digester?’ can be answered if they are considered within the framework of 
these three regimes. It has been shown that with increasing viscosity, the slope of 
the curve for regime 2 is decreased, and the transition of regime 2 to regime 3 is 
delayed, such that in the case of highly viscous 0.5 wt% solution, a transition is not 
seen at all over the observed time scale. The initial investigation into the effect of jet 
nozzle velocity on the flow regimes shows that even with a ten-fold increase in 
nozzle velocity (specific power input), the regimes show no proportional response. 
To understand the role that jet nozzle velocity plays, one must consider it in tandem 
with the second research question presented in the introduction, namely, ‘what are 
the underlying physics at play?’ To answer this question, a new dimensionless time 
scale, which balances the inertial and viscous forces in the mixing process, was 
developed. It has been shown that at the lowest jet nozzle velocity used, the data 
follows an exponential curve of decay in regime 2, and an increase in nozzle velocity 
leads to poorer mixing performance due to the deviation from the exponential trend 
of decay in regime 2. Flow visulaisation was limited in the information it provided as 
to why this occurred, but in keeping with the second objective laid out in the 
introduction, two advection-diffusion models were developed to describe the creation 
of active mixing volume in regime 1 (unbounded) and regime 3 (bounded). There is 
more work to be done in verifying these models with other data sets. 
To fully understand the the phenomenon of regime 2, it becomes necessary to 
address the third objective of this thesis, to develop a comprehensive methodology 
for ERT that paves the way for the use of the technique with real opaque sludge. A 
state-of-the-art technique was developed that was able to achieve reliable data 
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verified with flow visualisation data in regime 2, thus addressing the third research 
question found in the introduction. With three-dimensional data, the role that suction 
plays in jet recirculation mixing became apparent. This is perhaps intuitive, but as 
stated in chapter 2, it has not been discussed in literature to date. The suction 
nozzles proximity to the jet nozzle results in a short-circuiting effect which delays the 
evolution of a fully active volume. At lower recircualtion velocities, the short-circuiting 
effect is less apparent. Thus, better-mixing performance can be achived in a shorter 
time span.  
The short-circuiting effect becomes more pronounced with increased viscosity, and 
in the presence of a yield stress, it was shown that a pseudo-steady state cavern 
could form, the likes of which has not been shown in the literature of jet recirculation 
mixing. This explains why a transition between regime 2 and regime 3 was not seen 
for a 0.5% wt XGKT solution in chapter 3. Knowing this, one can begin to answer the 
fourth research question, that in light of this understanding, ‘how can mixing 
performance be improved?’ 
To solve the problem of carven formation in yield stress fluids in jet recirculation 
mixing, a simple nozzle inversion was implemented, such that the jet nozzle was 
facing the air-liquid interface, while the suction nozzle was still facing the rigid tank 
bottom. Investigation of the physics at play here found that all 3 regimes were 
present with the same fluids over the same time scale also for the upward jet, albeit, 
associated with entirely different hydrodynamic phenomena. It was found that the 
regimes were largely impervious to changes in jet velocity and fluid rheology. 
However, an increase in jet velocity excited response from the flexible liquid-air 
interface that leads to decreased mixing performance. Overall, an upward-facing jet, 
when all other factors are kept constant, performed better in every case compared to 
a downward-facing jet. An advantage of an upward-facing jet and a downward-facing 
suction nozzle in the recirculation system is that, instead of having two competing 
and distorting flow fields, there is now two complementary flow fields over which 
short-circuiting does not occur, and thus cavern formation can be avoided.  
Chapter 6 is dedicated to making design recommendations with regards to nozzle 
placement in a system containing downward-facing jet and suction nozzles. With the 
role of suction finally acknowledged in recirculation mixing, a design equation was 
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developed, emphasising the importance of the separation between the two nozzles. 
It has been shown that the further away the nozzles, the shorter the blend time, 
which decreases linearly until a critical value is reached. Above the critical value, the 
flow fields no longer have any effect on each other. The critical distance is a very 
useful design parameter that can be employed in jet mixing systems in all 
applications, not just wastewater treatment, such that multiple jets and suction 
nozzles can be placed in a mixing tank, to achieve optimal mixing.   
7.1 Recommendations for future work 
• Real sludge: The ERT methodology developed in this thesis makes it 
possible to study mixing patterns of real, opaque sludge in a model anaerobic 
digester in real time, using any of the mixing techniques found in industry. 
Whilst Xanthan gum exhibits similar hydrodynamic behaviour under certain 
conditions; it is not a perfect analogue, therefore to verify the models 
presented in this thesis for real opaque sludge, further experiments using ERT 
is necessary.  
• Suction: Given that very little literature exists on the role that suction plays in 
mixing, and even less on the interaction between the suction and injection jet 
flow fields, there needs to be a greater investigation into the phenomenon of 
suction flows. This is notoriously difficult, as it can’t be shown effectively with 
traditional tracer techniques. PIV may be useful in visualising suction flow, it 
would also be useful in measuring the surface velocity discussed in Chapter 
5. A better understanding of suction flow and flow field interaction will be 
beneficial to a number of fields such as chemical engineering, fluid 
mechanics, and physics.  
• Computational Fluid Dynamics: If the role that rheology, flexible surfaces 
and suction play are better understood, and incorporated into CFD codes, 
then the results obtained from CFD runs can be used to improve the design 
equation shown in Chapter 6. Given the speed, flexibility and ease at which 
CFD experiments can be conducted, vast amounts of data can be obtatined in 
a relativley short time compared to experimetal studies, which can be used to 
incorporate new parameters in the equation (e.g. nozzle depth, nozzle angle, 
nozzle diameter, fluid rheology etc.) 
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• Pilot scale experiments: Before the findings in this study can be applied to 
an industrial scale, further studies on the pilot scale need to be developed.  
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